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ABSTRACT

Newly synthesized proteins undergo multiple modifications to ensure proper
biogenesis and acquire their functions. N-terminal methionine excision (NME), mediated by
the sequential actions of peptide deformylase (PDF) and methionine aminopeptidase (MAP),
is an essential and the most prevalent N-terminal protein modification in the bacterial
proteome. Despite the extensive studies on enzymatic catalysis, how NME impacts various
cellular functions and how the enzymes achieve timing and selectivity under complex

cellular conditions have been long-standing puzzles.

In this work, we use a combination of biochemical analyses, computational
modeling, and in vivo measurements to investigate the molecular mechanisms and
physiological functions of cotranslational NME reactions. We show that the interactions
between the ribosome, the nascent chain, the NME enzymes, and other ribosome-associated
protein biogenesis factors dramatically remodel the kinetics and specificity of NME reactions
under physiological conditions. In addition, we apply time-resolved, system-wide analyses
on the translatome and steady-state proteome to study how the inhibition of PDF influences
diverse cellular pathways in bacteria. The results unveil the impact of NME on the biogenesis
of nascent proteins and highlight the role of the membrane in coupling the biochemical

activities of NME enzymes to cellular physiology.
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Chapter 1

INTRODUCTION

Proteins accomplish the majority of cellular functions. Upon the emergence from the
ribosome exit, newly synthesized proteins undergo multiple maturation steps, collectively
termed protein biogenesis (Kramer et al., 2019). N-terminal methionine excision (NME), a
ubiquitous protein modification conserved in all kingdoms of life, is among the earliest
protein biogenesis events encountered by nascent proteins (Giglione et al., 2004). NME is
essential for cell viability in bacteria and implicated in multiple cellular functions in higher
eukaryotes, including mitochondria activity, angiogenesis, and cell cycle (Giglione et al.,
2004; Griffith et al., 1998; Hu et al., 2006; Li and Chang, 1995; Mazel et al., 1994). As a
result, NME has become an important target for developing antibiotics and cancer

therapeutics.

In bacteria, where the protein synthesis is initiated with a formylated methionine
(fMet), NME is mediated by the sequential actions of peptide deformylase (PDF) and
methionine aminopeptidase (MAP), two enzymes that act on over 90% and 50% of the
bacterial proteome, respectively (Bienvenut et al., 2015; Giglione et al., 2004; Solbiati et al.,
1999). For decades, extensive studies of the structures and enzymology of PDF and MAP

have provided rich information on their catalytic mechanisms. However, how NME takes



place in the complex cellular context and impacts various cellular functions have been

outstanding questions in the field.

Emerging evidence shows that NME, along with a multitude of protein biogenesis
processes, begins early while the nascent protein is still being synthesized (Kramer et al.,
2019). In Chapters 2 and 3, we investigate the mechanistic details of NME on the ribosome.
We used a combination of biochemical analyses and computational modeling to demonstrate
that the ribosome enables rapid association of MAP with the nascent chain, allowing efficient
methionine excision of optimal substrates within a biologically relevant time scale. The
crowded environment at the ribosome tunnel exit, at which other protein biogenesis factors
bind, selectively limits the processing time window for suboptimal substrates during the
continuous translation elongation, ensuring the specificity of NME on nascent proteins.
Moreover, the ribosome actively regulates NME by specific interactions with a subset of
hydrophobic nascent polypeptides, leading to the retention of fMet on a significant fraction
of membrane proteome. Together, the work provides an excellent example of how specificity
and speed are balanced in an enzymatic reaction, which is intricately regulated by the

associated macromolecular environment via multiple mechanisms.

Despite the absolute requirement for cell viability, the physiological roles of NME
have been elusive. In Chapter 4, we applied time-resolved, system-wide analyses on the

translatome and steady-state proteome to investigate how PDF inhibition impacts diverse



cellular pathways in bacteria. Upon the treatment by a PDF inhibitor, the cells rapidly
induced protein folding and membrane stress responses at the membrane, followed by the
remodeling of the membrane proteome and the perturbation of various metabolic pathways
involved in redox homeostasis. The results provide direct evidence for the role of NME in
the proper biogenesis of nascent proteins and strongly suggest that NME inhibition directly
targets the plasma membrane, which couples the NME-linked protein biogenesis defects to
cellular metabolism. Our work thus clarifies the link between the biochemical activity of
PDF and its physiological significance and reveals the functional impact of a ubiquitous N-

terminal protein modification.

N-terminal modifications constitute a significant branch of protein biogenesis, and
how specific modifications impact protein functions and cellular physiology has only
recently started to be explored. The work in this dissertation unravels the mechanisms and
functions of a ubiquitous cellular pathway and contributes to the comprehensive

understanding of the functional roles of N-terminal protein modifications.



Chapter 2

TIMING AND SPECIFICITY OF COTRANSLATIONAL NASCENT

PROTEIN MODIFICATION IN BACTERIA

A version of this chapter was first published as: Yang, C.-1., Hsieh, H.-H., Shan, S.-
0. (2019). “Timing and specificity of cotranslational nascent protein modification in
bacteria.” In: Proc. Natl. Acad. Sci. USA. 116, pp. 23050-23060. doi:
10.1073/pnas.1912264116.

The nascent polypeptide exit site of the ribosome is a crowded environment where
multiple ribosome-associated protein biogenesis factors (RPBs) compete for the nascent
polypeptide to influence their localization, folding, or quality control. Here we address how
N-terminal methionine excision (NME), a ubiquitous process crucial for the maturation of
over 50% of the bacterial proteome, occurs in a timely and selective manner in this crowded
environment. In bacteria, NME is mediated by two essential enzymes: peptide deformylase
(PDF) and methionine aminopeptidase (MAP). We show that the reaction of MAP on
ribosome-bound nascent chains approaches diffusion-limited rates, allowing immediate
methionine excision of optimal substrates after deformylation. Specificity is achieved by
kinetic competition of NME with translation elongation and by regulation from other RPBs,

which selectively narrow the processing time window for suboptimal substrates. A



mathematical model derived from the data accurately predicts cotranslational NME
efficiency in the cytosol. Our results demonstrate how a fundamental enzymatic activity is
reshaped by its associated macromolecular environment to optimize both efficiency and
selectivity, and provides a platform to study other cotranslational protein biogenesis

pathways.

2.1. Introduction

Emerging evidence shows that protein biogenesis begins early, while the nascent
protein is still being synthesized by the ribosome. As a nascent polypeptide emerges from
the ribosome tunnel exit, a variety of ribosome-associated protein biogenesis factors (RPBs)
bind at overlapping docking sites near the tunnel exit and compete for the nascent protein to
influence its folding, localization, maturation, and quality control (Bhakta et al., 2019;
Bornemann et al., 2014; Kramer et al., 2009, 2019). Efficient and accurate selection of
nascent proteins into their proper biogenesis pathways is crucial, but how this is achieved in

the crowded environment of the ribosome exit site is not well understood.

N-terminal methionine excision (NME) is an essential and ubiquitous process
conserved across all kingdoms of life. NME generates essential functional groups for some
enzymes (Bearne, 1996; Brannigan et al., 1995; Kim et al., 1996) and introduces diverse N-
termini for cellular proteins to enable their quality control via the N-degron pathways

(Nguyen et al., 2019; Varshavsky, 2011, 2019). In eukaryotic cells, NME also allows



subsequent N-terminal modifications such as N-acetylation, which can serve as a degron to
enable protein quality control (Hwang et al., 2010; Shemorry et al., 2013), and N-
myristoylation, which enables localization of the protein to membrane compartments for
participation in signal transduction pathways (Giglione et al., 2015; Gordon et al., 1991). In
bacteria and prokaryote-derived organelles, where protein synthesis initiates with formyl
methionine, NME is carried out by two essential enzymes: peptide deformylase (PDF) and
methionine aminopeptidase (MAP). Over 90% of the proteome in bacteria is deformylated,
while ~50% of the proteins are subject to methionine excision (Giglione et al., 2015). Classic
enzymological studies of PDF and MAP, based on short peptide substrates, provided rich
information on the NME process (Frottin et al., 2006; Hu et al., 1999; Ragusa et al., 1999;
Xiao et al., 2010). Deformylation by PDF is required for methionine excision by MAP
(Solbiati et al., 1999). PDF displays relaxed sequence specificity except for the initiator
methionine (Hu et al., 1999; Ragusa et al., 1999), whereas MAP strongly favors substrates
with small amino acid side-chains at the second position (Boissel et al., 1988; Frottin et al.,
2006; Hirel et al., 1989; Xiao et al., 2010). These results were corroborated by studies in cell
lysate and in vivo (Bienvenut et al., 2015; Boissel et al., 1988; Hirel et al., 1989), providing
useful tools for the qualitative prediction of NME (Frottin et al., 2006; Martinez et al., 2008;
Meinnel and Giglione, 2008). Nevertheless, the MAP reactions on peptide substrates are

slow, with kca/Km values of ~10°~10° M-!s"! even for optimal substrates (Frottin et al., 2006),



raising questions as to how cotranslational NME could occur effectively for ~50% of the

proteome.

NME is one of the earliest events encountered by nascent proteins during their
biogenesis and could occur cotranslationally as soon as the nascent chain reaches 4448
residues (Sandikci et al., 2013). Earlier works have demonstrated the interaction between the
ribosome and the NME enzymes in bacteria and eukaryotes (Bhakta et al., 2019; Bornemann
et al., 2014; Fujii et al., 2018; Ranjan et al., 2017; Raue et al., 2007; Sandikci et al., 2013).
Recent measurements showed that E. coli PDF and MAP bind the ribosome with apparent
equilibrium dissociation constants (Ks) of 1.8 uM and 2.4 puM, respectively (Bingel-
Erlenmeyer et al., 2008; Sandikci et al., 2013). Ribosome binding of PDF is mediated by its
C-terminal helix, which docks in a groove between ulL22 and bL32 near the ribosome exit
site (Bhakta et al., 2019; Bingel-Erlenmeyer et al., 2008). The same site also mediates
ribosome binding of MAP via a positively charged loop at the periphery of the active site
(Fig. S2.1 and (Bhakta et al., 2019; Sandikci et al., 2013)). Disruption of the ribosome
interactions of PDF or MAP led to inefficient NME in cell extract and defective cell growth,
suggesting the importance of the ribosome interaction for enzymatic activity (Bingel-
Erlenmeyer et al., 2008; Sandikci et al., 2013). However, whether and how the ribosome
influences the NME reactions of the nascent protein was only recently explored for PDF

(Ranjan et al., 2017) and remains elusive for MAP.



In addition to MAP and PDF, multiple other RPBs also engage newly synthesized
proteins near the ribosome exit site. In bacteria, these include the Signal recognition particle
(SRP) and the SecA ATPase that mediate the cotranslational targeting of membrane and
secretory proteins (Akopian et al., 2013; Huber et al., 2011; Singh et al., 2014; Rawat et al.,
2015; Wang et al., 2017), and trigger factor (TF) that cotranslationally chaperones numerous
cytosolic, secretory, and outer membrane proteins (Deuerling et al., 1999; Fedyukina and
Cavagnero, 2011; Beck et al., 2000; Oh et al., 2011). The binding sites of the RPBs overlap
heavily with one another on the ribosome (Fig. S2.1 and (Kramer et al., 2009, 2019)). SRP
binds free ribosomes at uL23 and ulL29 near the ribosome exit site (Gu et al., 2003;
Schaffitzel et al., 2006) and, upon the emergence of a transmembrane domain (TMD) or
signal sequence on the nascent polypeptide, further contacts bL.32, uL.22, and ulL.24, resulting
in substantial overlaps with the PDF and MAP binding sites (Bhakta et al., 2019; Bingel-
Erlenmeyer et al., 2008; Schaffitzel et al., 2006). The TF binding site on the ribosome spans
ul.22, ul.23, and ul.29, which partially overlaps with those of SRP, PDF, and MAP (Bhakta
et al., 2019; Ferbitz et al., 2004). SecA also contacts the ribosome via uL23 (Huber et al.,
2011; Singh et al., 2014), where both SRP and TF can bind. The molecular crowding at the
ribosome exit necessitates spatial and temporal coordination between the multiple RPBs,
which must compete for not only ribosome-binding but also access to the nascent

polypeptide.



Recent works began to explore the interplay between the RPBs at the crowded
ribosome exit site. Excess PDF or MAP reduces the ribosome occupancy of one another
(Sandikci et al., 2013). On the other hand, a recent structural study showed that PDF and
MAP can co-bind at the ribosome, with MAP relocalizing to a secondary binding site near
ul.23 and ul29 in the presence of PDF (Bhakta et al., 2019). Pairwise co-binding has also
been observed for TF and SRP with one another and with PDF or MAP on the ribosome and
ribosome-nascent chain complex (RNC) (Ariosa et al., 2015; Bhakta et al., 2019; Bornemann
et al., 2014). In addition, TF modestly reduced NME efficiency in vivo and in vitro (Oh et
al., 2011; Sandikci et al., 2013), and SRP slows the deformylation of RNCs bearing a TMD
or a hydrophobic signal sequence on the nascent chain in vitro (Ranjan et al., 2017). These
results demonstrate the ability of RPBs to influence the activity of one another. Finally, the
PDF reaction became slower when the nascent chain elongates from 75 to 100 amino acids
(Ranjan et al., 2017), and TF strongly inhibited SRP function when the nascent polypeptide
exceeds a critical length (Ariosa et al., 2015). These observations suggest that translation
elongation could act as a competing branch that limits the action of individual RPBs.
Nevertheless, how the crowded environment at the ribosome exit site and competition with
ongoing protein synthesis impact the timing, activity, and selectivity of nascent protein

modification remains an outstanding question.

In this work, we combined pre-steady-state kinetic measurements and numerical

simulations to address these questions. We showed that the MAP reaction on ribosome-
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bound nascent chains is 2—4 orders of magnitude faster than previously measured on peptide
substrates, allowing the NME for optimal substrates to occur upon each encounter of MAP
with the translating ribosome. TF and SRP are critical for ensuring the specificity of nascent
protein modification, by selectively narrowing the window for the reactions of MAP on
suboptimal substrates during translation. Our experimental data allowed the construction of
a computational model for cotranslational NME that accurately predicts the cotranslational

NME efficiency of model substrates under near in vivo conditions.

2.2. Results

MAP reaction on ribosome-bound nascent chains is diffusion-limited.

To characterize the NME reactions in the context of ribosomes, we generated and
purified translation-arrested RNCs displaying FtsQ, an inner membrane protein with a 27-
residue N-terminal extension (NTE) preceding its TMD. The unstructured NTE minimizes
potential effects of nascent chain folding on enzymatic processing, and the N-terminal
sequence of FtsQ (MSQAA) is predicted to be favored by both PDF and MAP (Hu et al.,
1999; Frottin et al., 2006). A C-terminal 8-amino acid translation stall sequence, Ms-sup1
(Yap and Bernstein, 2009), allows generation of RNCs with defined nascent chain lengths
(Fig. 2.1A and Fig. S2.2A). 3>S-Met-labeled RNCs were generated by in vitro translation in
E. coli S30 extract in the presence of actinonin (ACT), a PDF inhibitor, to prevent NME by

endogenous PDF and MAP, and purified by sucrose-gradient centrifugation.
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Figure 2.1. MAP-mediated methionine excision of nascent chains on the ribosome is
diffusion-limited.

(A) Scheme of the model substrate FtsQ67 for generation of RNC, which contains the N-
terminal extension (NTE), transmembrane domain (TMD), and part of the periplasmic
region (peri) followed by the Ms-sup1 translation stall sequence. The N-terminal sequence
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is indicated. (B) Scheme of the methionine cleavage assay to measure the rate constant of
the MAP reaction. Purified RNC with a single *>S-labeled N-terminal methionine was pre-
incubated with PDF for 15 minutes, before initiation of reaction by addition of MAP.
Reactions contained 10 nM RNC, 50 nM PDF, and varying concentrations of MAP. (C) A
representative time trace for cleavage of 10 nM RNCuwer-risgs7 by 1 uM MAP. Single
exponential fit of the data (Eq. 1 in the Methods) gave a kobs value of 16.4 s''. (D) The
observed rate constants for methionine cleavage of RNCuwer-risqs7 Were plotted as a function
of effective MAP concentration. The line is a linear fit of the data, and the obtained kcat/Km
value is summarized in panel (J). (E) Scheme of the fluorescence-based assay to measure
the binding between RNChe-risqs7"™ and MAP. The FtsQ67 nascent chain was labeled with
coumarin (Cm) at the fifth residue. (F) Fluorescence emission spectra to demonstrate the
enhancement of Cm fluorescence upon binding of RNCiet-Fisq67"™ to MAP-H79A. Where
indicated, reactions contained 8 nM deformylated RNChwet-risQe7"™, 0.5 pM MAP-H79A,
and 1.4 uM 70S ribosome. (G) MAP-H79A does not affect the fluorescence emission
spectra of RNCriss7"™ after methionine excision. RNChwet-risQs7"™ was pre-treated with 20
nM wild-type MAP to yield RNCrisq67™, and fluorescence emission spectra were recorded
before and after the addition of 0.5 uM MAP-H79A. (H) Observed rate constants (kops) of
RNC-MAP association, measured using the fluorescence assay in (E), was plotted as a
function of MAP-H79A concentration. The reactions contained 8 nM RNChet-riso™ and
indicated concentrations of MAP-H79A. The line is a linear fit of the data to Eq. 6 in the
Supplementary Methods, and the obtained kon and kotr values are summarized in panel (J).
(I) Equilibrium titration to measure the binding affinity of RNCweris®™ for MAP-H79A.
The data was fit to Eq. 4 in the Supplementary Methods, and the obtained Ks value is
summarized in (J). (J) Summary of the kinetic parameters obtained from the measurements
in (D), (H), and (I). *: calculated from K4 = koft/kon. **: Kq measured from the equilibrium
titration in panel (I). All values are reported as mean + S.D., with n = 2.

We first measured methionine cleavage by MAP on RNCriq with a nascent chain
length of 67 residues (Figs. 2.1B-D). As deformylation is a pre-requisite for the MAP
reaction, we pre-incubated RNCrsqs7 With PDF to ensure complete removal of the formyl
group on **S-labeled N-terminal methionine. We then carried out the reaction under single

turnover conditions with purified MAP in excess of RNCrsqe7, and quantified the reaction

extent at indicated times by scintillation counting of free 3S-methionine released from the
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nascent chain (Gottesman et al., 1998). The reaction rate rises linearly up to 2 uM MAP with
no indication of saturation, giving estimated limits for Km of >>2 uM and Kca of >>34 s71.,
The MAP concentration dependence of the observed rate constants gave a kea/Km value of
(1.9+£0.05) x 10’ M's"l. Measurements on RNC bearing luciferase, a cytosolic protein with
an unstructured N-terminus, gave a comparable kea/Km value of (1.9 + 0.06) x 107 M-!s’!
(Fig. S2.2B). These rate constants on RNC substrates are 10°>—10* fold faster than those on
peptide substrates (kca/Km values of 10°-10° M's!) measured here (Fig. S2.2C) and
previously (D’Souza V and Holz, 1999; Frottin et al., 2006; Xiao et al., 2010). The MAP-
K226FE mutation, which weakens the binding of MAP to the ribosome (Sandikci et al., 2013),
reduced the reaction rate of RNCrisqs7 ~20-fold but affected the reaction of a tetra-peptide
substrate <2-fold (Figs. S2.2C and D), supporting an important contribution of the ribosome

in enhancing the efficiency of the MAP reaction (Sandikci et al., 2013).

The kea/Km value of the MAP reaction on RNC substrates approaches the rate
constants of protein associations, suggesting that this reaction follows Briggs-Haldane
kinetics where the reaction is rate-limited by enzyme-substrate association (Fersht, 1998).
To test this model, we developed a fluorescence-based assay to directly measure the binding
of MAP and RNCrq (Fig. 2.1E). To specifically probe the interaction between MAP and
the substrate, we used mutant MAP-H79A, which reduced the rate of the chemical step >10*-
fold but has only minor effects on the binding of peptide substrates (Lowther et al., 1999;

Watterson et al., 2008) and the 70S ribosome (Figs. S2.2E-G). A fluorescent amino acid, 7-



14

hydroxycoumaryl ethylglycine (Cm), was incorporated at the fifth residue of the FtsQ
nascent chain via amber suppression (Saraogi et al., 2011). Binding of MAP-H79A led to
enhanced fluorescence intensity of RNCrisq®™. The addition of excess ribosome reduced the
fluorescence enhancement, in agreement with the competition of ribosomes with RNC for
MAP binding (Fig. 2.1F). Importantly, removal of the N-terminal methionine on the nascent
chain abolished the MAP-induced fluorescence enhancement of the Cm dye (Fig. 2.1G). This
demonstrates that the fluorescence enhancement is specific to the interaction of MAP with
the uncleaved nascent chain, and suggests that the nascent chain is released from the

substrate-binding pocket of MAP after methionine excision.

Using this fluorescence assay, we measured the observed rate constants for MAP-
RNCrisgs7 assembly as a function of MAP-H79A concentration. Linear fit of the
concentration dependence gave an association rate constant, kon, of (4.6 +0.2) x 107 M-!s’!
and an extrapolated dissociation rate constant, Kofr, of 41 + 5 57! (Fig. 2.1H). The value of kon
is comparable to the value of kea/Km measured from the enzymatic reaction, supporting the
model that the MAP reaction is rate-limited by the assembly of the MAP-RNC complex.
Independent equilibrium titrations using the fluorescence assay gave an equilibrium
dissociation constant (Kg) of 1.3 + 0.1 uM for the MAP-RNCrisqs7 complex, in good
agreement with the Kq value of 0.9 + 0.2 uM calculated from kosr/ kon (Figs. 2.11 and J).
Considering the sub- to low-millimolar Ky, values of MAP for peptide substrates (D’Souza

V and Holz, 1999; Frottin et al., 2006) and the apparent K4 value of 2.4 + 0.4 uM for MAP-
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ribosome binding (Sandikeci et al., 2013), these results indicate that MAP-RNC binding is
dominated by interaction with the ribosome, with a modest contribution from the nascent

chain.

Collectively, the results in this section showed that the MAP reaction for nascent
proteins on the ribosome is substantially accelerated compared to peptide substrates and is
rate-limited by the association between MAP and RNC for optimal substrates such as
RNCrisqs7. The diffusion-controlled kinetics implies that MAP can successfully process
nascent chains on the RNC upon every encounter and thus ensures efficient NME of nascent

proteins.

The PDF reaction is rate-limiting for NME of optimal substrates.

To measure PDF-mediated deformylation, the prerequisite for methionine excision,
we designed two independent assays that use methionine excision as the readout. In the
Actinonin-quench assay, we quenched the PDF reaction at specified times using actinonin,
and released the deformylated methionine with excess MAP for quantification (Fig. 2.2A).
In the coupled assay, limiting PDF and excess MAP were added simultaneously to initiate
the reaction (Fig. 2.2B); this assay leverages the faster kinetics of the MAP than the PDF
reaction and was only used for RNCs bearing optimal MAP substrates. The results from the
two assays agreed well (Fig. 2.2D) and together, the two assays allowed us to measure the

kinetics of the PDF reaction on a variety of substrates.
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Figure 2.2. The PDF reaction is ~10-fold slower than the MAP reaction.

(A) Scheme of the Actinonin-quench based deformylation assay. The reaction was initiated
by adding PDF to RNCpmet-Fisgs7 and quenched with 40 uM actinonin at specified time
points. MAP (100 nM for FtsQ-S2) was added thereafter to cleave the deformylated N-
terminal methionine, allowing the reaction to be analyzed via scintillation counting of free
35S-methionine. (B) Scheme of the coupled deformylation assay. Indicated concentrations
of PDF was added together with excess MAP (1 uM) to initiate NME of 10 nM RNCpvet-
rsQ67, and the generation of free *>S-methionine was monitored during the time course. (C)
Comparison of the time courses for methionine excision of RNChwvet-FisQs7, measured using
the coupled deformylation assay in (B), with that of deformylated RNCwet-Fisqs7 by MAP.
(D) Comparison of the PDF reaction time courses measured by the coupled assay (black)
and Actinonin-quench assay (blue). The reactions used 10 nM RNCmet-Fisqs7, 125 nM PDF,
and 1 uM and 100 nM MAP in the coupled and Actinonin-quench assay, respectively. The
data were fit to Eq. 1 in the Methods, and the obtained rate constants are indicated. (E)
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Observed rate constants for deformylation of RNChwvetrisQs7 are plotted as a function of
effective PDF concentration. Linear fit of the data gave a kca/Km value of (2.0 + 0.4) x 10°
M-!sl. All values are shown as mean + S.D., with n = 2-3.

The observed methionine cleavage in the coupled PDF-MAP reaction with
formylated RNCrsq was >10-fold slower than the MAP reaction with deformylated
RNCrisqe7 (Fig. 2.2C), suggesting that deformylation is rate-limiting in the coupled reaction.
Varying the concentration of MAP from 0.5 to 2 uM did not affect the observed reaction
rates (Fig. S2.2H), providing an independent indication that the MAP reaction is not rate-
limiting in the coupled assay. Using the coupled assay, the kea/Km value for deformylation
of RNCrisqs7 was measured to be (2.0 +0.4) x 10° M!s”! (Fig. 2.2E), in good agreement with
previous measurements by Ranjan et al. (Ranjan et al., 2017). These values are ~10-fold
lower than that of the MAP reaction, indicating that deformylation is the rate-limiting step

for the overall NME of optimal MAP substrates.

Compromised specificity of NME with nascent proteins on the ribosome.

A prominent determinant of NME efficiency is the second residue on the nascent
polypeptide (Bienvenut et al., 2015; Boissel et al., 1988; Frottin et al., 2006; Hirel et al.,
1989; Xiao et al., 2010). To test whether and how the ribosome modulates second residue
specificity of NME, we prepared RNCrsqs7-x2 in which Ser2 on the FtsQ nascent chain is
mutated to different amino acids. Consistent with previous in vivo observations and in vitro

studies using peptide substrates (Bienvenut et al., 2015; Ragusa et al., 1999), PDF remained
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insensitive to the second residue among all the RNC substrates tested, except for a moderate

3-fold rate reduction with RNCrisqs7-n2 (Fig. 2.3A).

In contrast to PDF, proteomics studies and previous kinetic measurements based on
peptide substrates showed that the MAP reaction depends critically on the size of the second
residue. Peptides with medium-sized side chains at the second residue (T, V) define a
‘twilight zone’ that display kea/Km values 10? and 103 fold lower, respectively, than those of
optimal substrates (G, A, S, P, C), and substrates with even larger second residues (N, K, R,
etc.) reacts >10° fold more slowly ((Frottin et al., 2006) and Fig. 2.3B, magenta). In contrast
to the observations with peptide substrates, the impact of second residues on the MAP
reaction was substantially smaller for RNC substrates. Compared to optimal substrates such
as RNCrsq67-a2 and RNCrsqe7-s2, the kea/Km value was comparable with RNCrsqe7-m2 and
reduced only 10-fold with RNCrsqs7-v2 (Fig. 2.3B). RNCrisqs7-N2, previously considered a

very weak substrate, was still processed by MAP with a kea/Km of ~10° M!s™! (Fig. 2.3B).

The reduced specificity of the MAP reaction for RNCs can be attributed to the
diffusion-limited nature of this reaction. As described in Figure 2.1, the reaction of MAP
with optimal substrates is rate-limited by its association with RNC, which would mask
reductions in the rate of subsequent peptide bond hydrolysis. The slower rate of
deformylation than methionine excision is expected to further reduce the specificity of

overall NME. This is because modest rate reductions in the MAP reaction would be masked
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as long as the PDF reaction is rate-limiting, and the MAP reaction becomes rate-limiting only
for substrates with second residues larger than valine (cf. kca/Km values in Fig. 2.3B, dark
bars versus Fig. 2.2E). Both of these factors are expected to severely compromise the

specificity of the NME reaction for nascent chains on the ribosome.
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Figure 2.3. Compromised second residue specificity of the NME reactions on RNCs
is restored by length-dependent regulation from the RPBs.

(A) Observed deformylation rate constants of RNCqvet-Fiss7 With indicated amino acids at
the second residue. Reactions were measured using the Actinonin-quench assay (Fig. 2.2A)
and contained 0.125 pM PDF. To release the deformylated methionine, 100 and 250 nM
MAP were used for FtsQ-S2/T2 and FtsQ-V2/N2, respectively. (B) Comparison of MAP
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specificity towards the second residue for reactions with RNCrsqs7-x2 (gray bars) versus
tripeptide substrates (MXS, magenta bars; replotted from Frottin et a/ (Frottin et al., 2006)).
The kca/ Km values for RNCrisqe7-x2 were measured as in Fig. 2.1D. The asterisk denotes a
keat/ Km value of <0.01 M-!'s"! for the MNS peptide. (C), (D) Effects of TF and SRP on the
deformylation (C) and methionine cleavage (D) of RNCs bearing FtsQ-S2 nascent chains
of the indicated lengths. Observed PDF rate constants were measured with 10 nM RNCs
and 0.5 pM PDF using the coupled assay. Observed MAP rate constants were measured
with 10 nM RNCs and 1 uM MAP. (E), (F) Effects of TF and SRP on methionine cleavage
of RNCs bearing FtsQ-T2 nascent chains of the indicated lengths (E) and RNCs bearing
FtsQ-127 nascent chains with the indicated second residue side chains (F). Observed rate
constants were measured with 10 nM RNCs, 1 uM MAP, and 5 uM TF and 400 nM SRP
where indicated. All values are shown as mean + S.D., with n = 2-3.

Nascent chain length and RPBs define an optimal window for NME to restore specificity.

We reasoned that two factors could help restore the specificity of cotranslational
NME. First, on actively translating ribosomes, NME must kinetically compete with
elongation of the nascent polypeptide; this could impose a limited time window for NME if
the reactions of these enzymes are sensitive to nascent chain length. Second, additional RPBs
such as TF, SRP, and SecA are recruited to the ribosome exit site during translation and could

modulate the reaction kinetics of the NME enzymes.

In vitro translation of stalled RNCs in cell extracts showed that the minimum nascent
chain length required for NME is ~45 residues (Figs. S2.3A, B), in agreement with previous
reports (Sandikci et al., 2013) and with the predicted distances between the exit site and the
actives sites of PDF and MAP (~35 and ~30 A, respectively; (Bingel-Erlenmeyer et al., 2008;

Sandikci et al., 2013)). To define the optimal window for NME, we performed single-
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turnover measurements of the PDF and MAP reactions on purified RNCs with different
nascent chain lengths. The kca/Km value for the PDF reaction of RNCrisq-s2 rose 20-fold when
the nascent chain elongates from 45 to 67 amino acids, and became 2-3 fold slower at longer
nascent chain lengths (Fig. S2.3C and Fig. 2.3C, grey bars). The MAP reaction varied <2-
fold beyond a nascent chain length of 49 residues for an optimal substrate, RNCrsq-s2 (Fig.
S2.3D and Fig. 2.3D, grey bars), but became more sensitive to nascent chain length for
substrates in the ‘twilight zone’, RNCrisq-12 and RNCrisq-v2 (Fig. 2.3E, gray bars and Fig.
S2.3E). Thus, both the PDF and MAP reactions showed modest dependences on nascent

chain length, and for MAP, this length dependence is larger for suboptimal substrates.

To test the effect of RPBs, we measured the length-dependent reactions of PDF and
MAP in the presence of saturating concentrations of TF (Fig. S2.4A) and SRP. The
combination of TF and SRP largely reproduced the effect of the cytosol on the MAP reaction,
and the additional presence of SecA had minimal effects on both reactions (Figs. S2.4B and
C). The PDF reaction was slowed ~2-fold across all the tested nascent chain lengths by the
combination of both factors (Fig. 2.3C, orange bars). A previous work reported a much larger
inhibitory effect of SRP on the PDF reaction with membrane proteins (Ranjan et al., 2017),
because the TMD or signal sequence was much closer to the N-termini of the substrates used
in that study compared to FtsQ, in which the TMD is preceded by a 27 amino acid NTE. In
contrast to PDF, the effects of RPBs on the MAP reactions are larger and more substrate-

dependent. For an optimal substrate (RNCrsq-s2), SRP and TF reduced the rate of the MAP
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reaction 5-fold when the nascent chain is short (49 amino acids), but affected the reaction
<2-fold at longer nascent chain lengths (Fig. 2.3D). For a suboptimal substrate, RNCrsq-12,
SRP and TF together slowed the MAP reaction ~3-fold at both short (49 residues) and
intermediate (82 residues) nascent chain lengths, and ~10-fold when the nascent chain
reached 127 amino acids (Figs. 2.3E and F). The inhibitory effects of SRP and TF on
methionine excision of both short and long nascent chains were also observed with an SRP-
independent cytosolic protein, luciferase (Fig. S2.5). Finally, the inhibitory effect of TF or
SRP on long-chain RNCs was larger with an even slower MAP substrate, FtsQ-V2 (Fig.
2.3F). Thus, RPBs selectively inhibit the MAP reaction on long nascent chains for RNCs

bearing suboptimal MAP substrates.

Together, the results in this section show that the reactions of both PDF and MAP on
the RNC are sensitive to the length of the nascent polypeptide, generating an optimal window
for NME when the nascent chain is 49—82 amino acids long. For the MAP reaction, this
window is largely imposed by the action of RPBs, which selectively inhibits methionine
excision on suboptimal MAP substrates (Figs. 2.3D-F) and therefore contributes to the

restoration of NME specificity.

A kinetic model for cotranslational NME emphasizes the contribution of RPBs to NME

specificity.
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To quantitatively understand how the multiple factors that modulate the activity of
NME enzymes impact the cotranslational N-termini modification of nascent proteins, we
constructed an analytical kinetic model (Fig. 2.4A). Modeling of cotranslational NME in cell
lysate is enabled by several features of this assay that simplifies its mathematical description.
First, ribosomes translating the reporter protein are at much lower concentrations compared
to the NME enzymes in the lysate, rendering the reaction single turnover and directly
comparable to the single-turnover rate constants measured using purified RNCs. In addition,
the concentration of NME enzymes are ~10-fold lower than their Kq values for the ribosome
and therefore sub-saturating. This allows the NME reaction at a given nascent chain length
to be described by pseudo-first-order rate constants for deformylation (k"P¥) and methionine
excision (kMAP; Table S2.1) based on the experimentally determined or extrapolated Kea/Km
values and enzyme concentrations determined by quantitative western blot analyses in the E.
coli lysate (Fig. S2.6). The effect of ongoing protein synthesis is described by an estimated
rate constant of translation elongation (kians). Based on differential equations constructed
from this model, we used numerical integration to simulate the cumulative fraction of nascent
proteins of n residues that successfully undergo deformylation and methionine excision
(Figs. S2.7A-D). The robustness of the kinetic model was tested by applying an experimental
error of 20% in enzyme concentrations and reaction rate constants, which were randomly
selected from normal distributions. The resulting deviations in simulation results were ~10%

(error bars in Figs. S2.7A-D), confirming the reliability of the simulation.
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We first asked how fast NME occurs during translation. Simulation based on the
kinetic model showed that NME is 90% complete for FtsQ-S2 before ~150 amino acids are
synthesized (Fig. S2.7A). As expected from the ~10-fold faster reaction with MAP than with
PDF for this substrate, methionine excision closely followed deformylation (Fig. S2.7A).
When the second residue is threonine and valine, methionine excision increasingly lagged
behind deformylation (Figs. S2.7B and C). When the second residue is asparagine,
deformylation was 90% complete when the nascent chain reached 250 amino acids, but no
significant methionine excision occurred (Fig. S2.7D). Notably, the MAP reaction profiles
of both FtsQ-T2 and FtsQ-V2 exhibited biphasic behavior, with a steep rise before the
nascent chain reached ~80 residues followed by a slow phase (Figs. S2.7B and C), owing to
the inhibition of MAP reactions at longer nascent chain lengths. Thus, the MAP reaction
becomes increasingly rate-limiting for overall NME with increasing size of the second

residue.

To dissect the contributions of different factors to the efficiency of cotranslational
NME, we further tested whether and how the simulation outcome is sensitive to variations
in the individual parameters in the kinetic model (Figs. 2.4, B-E and Fig. S2.8). The tested
parameters include the translation rate (solid red lines) and the concentrations of MAP or
PDF (solid black and blue lines), which affect the enzymatic reaction rates at all nascent
chain lengths. The sensitivity test revealed a strong influence of translation elongation rate

on NME efficiency (Figs. 2.4, B-E, red lines and Figs. S2.8, A—D), because faster translation
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shortens the time window available for the actions of PDF and MAP. This effect is substantial

for all the substrates tested and emphasizes the kinetic rivalry between NME and nascent

chain synthesis.
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Figure 2.4. A kinetic model simulates cotranslational NME during protein synthesis.

(A) A kinetic model for the cotranslational NME of a nascent protein with » amino acids.
Kirans 1s the translation elongation rate. The PDF and MAP rate constants at nascent chain
length i (kPF and kM4P) are the products of effective enzyme concentration and kcar/Knm
values and, unless otherwise indicated, are also modulated by RPBs. The parameters used
in the simulation are summarized in Table S2.1. (B)—(E) Sensitivity test of the simulation
results for FtsQ-X2. Each indicated parameter was varied independently by 22 — 22 folds
of the value in Table S2.1. “Average NME’ denotes the mean value for the fraction of
methionine-cleaved nascent chains throughout the reaction profile before 300 residues are
synthesized. (F), (G) Simulated cotranslational NME profiles for RNCrsq with different
second residue side chains in the absence (F) and presence (G) of the regulatory effects of
RPBs. Results from 100 runs were shown as mean + S.D.

On the other hand, the sensitivity of cotranslational NME to changes in enzyme
concentration is substrate-dependent (Figs. 2.4, B-E, black and blue lines and Fig. S2.8E—
L). The NME efficiency of the optimal substrate, FtsQ-S2, is significantly affected only by
reductions in PDF concentration (Figs. 2.4B and S1.8E, I). For suboptimal substrates such
as FtsQ-T2, FtsQ-V2 and FtsQ-N2, NME efficiency can be modulated by changes in both
PDF and MAP levels in both directions, and the MAP concentration becomes more dominant
in dictating NME efficiency with increasing size of the second residue on the nascent chain
(Figs. 2.4C-E and Figs. S2.8F-H, J-L). These results reinforce the notion that the rate-
limiting step of cotranslational NME shifted from the PDF to the MAP reaction, as predicted
from Figs. S2.7A-D. As the MAP reaction is dependent on nascent chain length, we
individually varied the MAP reaction rates for RNCs with short (45-56 residues), medium

(56-82 residues), and long (>82 residues) nascent chains (Figs. 2.4B-E, dashed lines). The
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simulation results showed that tuning kmap,jong had the largest effect on NME efficiency, and

this effect is specific to FtsQ-V2 and FtsQ-N2.

Finally, we tested whether and how the RPBs, which reduce the MAP reaction rates
in a substrate-dependent manner when the nascent chain exceeds 82 amino acids, impact the
cotranslational NME profile (Figs. 2.4F—G). The simulation results showed that the presence
of RPBs moderately delayed the cotranslational NME of FtsQ-S2, which can be attributed
to the 2-fold global effect of RPBs on the PDF reaction rate (Fig. 2.3C). On the other hand,
the slow phase during the cotranslational processing of FtsQ-T2 and FtsQ-V2 becomes more
prominent in the presence of RPBs, resulting in significantly delayed processing of FtsQ-T2
and incomplete NME of FtsQ-V2 for nascent chains up to 300 residues in length. These
predictions are consistent with a previous study, which observed an inhibitory effect of TF
on the cotranslational NME of barnase in cell lysate (Sandikci et al., 2013). By integrating
the NME reaction kinetics with translation elongation, the kinetic model demonstrated how

the presence of other RPBs improves the specificity of NME.

Cotranslational NME in cell extracts agrees with predictions from kinetic simulation.

To experimentally test the predictions from the kinetic model, we designed a
cotranslational NME assay to measure the extent of NME during active translation. We fused
the N-terminal extension and TMD of FtsQ to thioredoxin (TrxA), an unrelated E. coli

cytosolic protein (Fig. 2.5A). In vitro translation of this 171 amino acid reporter protein in
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the E. coli S30 extract allowed us to assess its cotranslational NME by endogenous PDF and
MAP in the presence of RPBs (Fig. 2.5B). The extent of NME was monitored by SDS-PAGE
and autoradiography analyses of substrates labeled with a single 3>S-methionine at the N-
terminus. Substrates with Ser and Thr at the second residue showed >80% NME (Fig. 2.5C).
In contrast, over half of FtsQ-V2-TrxA retained the N-terminal *S-methionine, and FtsQ-
N2-TrxA was resistant to NME (Fig. 2.5C). These data agreed well with the simulation

results for the individual substrates (Fig. 2.5D).

Another prediction from the kinetic model is that the extent of NME is sensitive to
the length of the protein, especially at 50-100 amino acids where NME products accumulate
quickly (Fig. 2.4). To test this prediction, we varied the length of the reporter protein by
truncating or removing thioredoxin (Fig. 2.5A). In agreement with predictions from the
simulation, the extent of NME for substrates with Thr and Val at the second residue reduced
with shorter protein length (Figs. 2.5E and F). Finally, we tested the prediction that NME is
sensitive to translation elongation rate by using fusidic acid (FA), which binds to EF-G and
attenuates translation elongation (Dai et al., 2017; Okura et al., 1971). Increasing amount of
fusidic acid inhibited the translation of FtsQ-V2-TrxA while giving rise to more efficient
NME (Figs. 2.5G and H). The increase of overall NME from ~50% to ~80% was in good
agreement with the simulation results for this substrate (cf Figs. 2.5H and 2.4D), and supports
the notion that slower elongation provides a longer time window for the reactions of PDF

and MAP.
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Figure 2.5. Measurement of cotranslational NME in cell lysate reproduces predictions
from Kinetic simulations.

(A) Scheme of the model substrates used in the cotranslational NME assay. The 171 amino
acid reporter protein contains full-length thioredoxin (TrxA), and the 60 amino acid
reporter contains no thioredoxin. To generate the reporter with 91 residues, 80 residues
were removed from the C-terminus of thioredoxin. (B) Scheme of the cotranslational NME
assay. FtsQ-X2-TrxA was translated in the S30 extract and processed by endogenous PDF
and MAP during translation. (C) Representative SDS-PAGE and autoradiography analysis
of the cotranslational NME of FtsQ-X2-TrxA (171 aa) in the S30 extract, measured as
depicted in (B). The reactions with actinonin (ACT, 5 uM) provide controls for the intensity
of the FtsQ-X2-TrxA band without NME. (D) NME efficiency for FtsQ-X2-TrxA (171 aa)
bearing different second-site residues. The values are from quantification of the data in (C)
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and their replicates (dark colors). The simulated data are from Fig. 2.4G at a nascent chain
length of 171 aa (light colors). (E) Representative SDS-PAGE and autoradiograph of the
cotranslational NME of shorter reporter proteins, measured as depicted in (B). The second
site residues are indicated. (F) Summary of the cotranslational NME efficiency for FtsQ-
T2-TrxA (dark blue) and FtsQ-V2-TrxA (dark green) with different lengths. The values
are from quantification of the data in (C), (E) and their replicates. The simulated data (light
blue and light green bars) are from Fig. 2.4G at the corresponding nascent chain lengths.
(G) Representative SDS-PAGE and autoradiograph of cotranslational NME of FtsQ-V2-
TrxA (171 aa) with indicated amount of fusidic acid (FA), which inhibits translation
elongation. (H) Quantification of the data in (G) and their replicates. All values are reported
as mean = S.D., with n = 3.

In conclusion, the results from the cotranslational NME assay agreed well with the
predictions from the computational model, suggesting that kinetic modeling based on rate

constants measured with translation-arrested RNCs provides an accurate description of

cotranslational NME in the complex cytosolic environment.

2.3. Discussion

The majority of newly-synthesized proteins undergo multiple maturation steps to
ensure their proper function, localization, and turnover. As one of the earliest modification
events during protein biogenesis, NME takes place in the crowded environment of the
ribosome exit site where multiple other RPBs compete for access to the nascent polypeptide.
In this work, kinetic analyses demonstrate that NME is actively regulated by the ribosome,
nascent chain length, and other RPBs at the ribosome tunnel exit. These factors, together
with kinetic competition with translation elongation, dictate the efficiency, timing, and

specificity of NME. Our results shed light on how the RPBs coordinate at the ribosome exit
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and demonstrate how a fundamental enzymatic reaction can be profoundly reshaped by its
macromolecular environment. Moreover, our work provides a useful framework to

conceptualize other cotranslational protein biogenesis events.

Our results show that the MAP reactions on RNCs are accelerated 102—104 fold
compared to reactions with peptide substrates. This rate enhancement is likely due to the
micromolar-affinity MAP binding site provided by the ribosome, which is ~102—103-fold
tighter than the affinity of MAP for peptides (D’Souza V and Holz, 1999; Frottin et al., 2006).
This interaction increases the local concentration of MAP and possibly pre-orients MAP to
facilitate its access to the nascent chain, allowing methionine excision to proceed in a
diffusion-limited manner for optimal substrates. Together with the rapid MAP-RNC
association kinetics, over 90% of the nascent protein can be processed before ~150 amino
acids are synthesized under physiologically-relevant conditions. However, the enhanced
efficiency comes with a tradeoff in specificity, as any reductions in intrinsic reactivity would
be masked by other steps that are rate-limiting, such as MAP-ribosome binding and
deformylation (Fig. 2.6A). We found here that specificity is restored by other RPBs at the
ribosome exit site, which selectively attenuate MAP reactions on suboptimal substrates when
the nascent chain exceeds 82 amino acids. This imposes a limited time window on the NME
of suboptimal substrates during translation, thus effecting their rejection (Fig. 2.6B and Fig.

2.6A, dashed lines). These results exemplify the trade-off between efficiency and specificity
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in biological systems, and reveal an unexpected role of the crowded environment at the

ribosome exit in optimizing the balance between these two key parameters.

~45 aa ~70 aa ~120 aa
A —  _RPB " .
----+RPB
A Size of second residue f Met fMet

Free energy

@ |

Deformylation Met cleavage

NME reaction

>90% 40 50% <15%

Figure 2.6. Model for cotranslational NME mediated by PDF and MAP.

(A) Free energy profiles to depict the change in rate-limiting step during cotranslational
NME, due to both the sequence specificity of MAP and regulation by RPBs. As the second
residue on the nascent protein becomes larger, the rate-limiting step shifts from
deformylation to methionine cleavage. The RPBs moderately slows the PDF reaction, but
significantly and selectively reduces the rates of the MAP reaction for substrates with larger
second residue side chains. (B) RPBs define an optimal window for NME during
translation. The relative abundance of individual ribosomal species at each nascent chain
length was simulated during the cotranslational NME of FtsQ-V2 using the mathematical
model and depicted using the indicated coloring scheme. PDF and MAP can act on the
nascent proteins as soon as 45 residues are translated. PDF has an intrinsic preference for
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substrates of ~70 residues in length (second row). The optimal window for the reaction of
MAP is similar, but is imposed by the effects of RPBs (third row).

The results here also illustrate multiple mechanisms by which the RPBs coordinate
in time and space at the ribosome exit site to ensure the proper functions of one another. First,
given previous observations that TF and SRP can co-bind with MAP or PDF on the ribosome
(Bornemann et al., 2014; Sandikci et al., 2013), the regulation observed here likely occurs
allosterically rather than through exclusion of NME enzymes from the ribosome. This
regulation could involve repositioning of these enzymes on the ribosome by TF or SRP that
changes the access or orientation of the nascent chain relative to the enzyme active site. This
model is consistent with the observation that the regulatory effects of TF and SRP on the
MAP reaction are substrate-specific, whereas MAP-RNC binding is dominated by
interaction with the ribosome. Second, TF regulates both NME enzymes when nascent
proteins are as short as 49 amino acids. Given the enrichment of TF on nascent proteins
longer than 100 amino acids in ribosome profiling data (Oh et al., 2011), our observation
suggests that TF can begin regulating protein biogenesis before it stably engages with nascent
polypeptides. Third, TF and SRP regulate the MAP reaction both when the nascent
polypeptide is short (49 residues) and long (127 residues), but not at intermediate chain
lengths (67 residues). This suggests a remarkable degree of dynamics in the interplay
between RPBs, which can adjust their relative positioning and/or accessibility to the nascent

chain during translation. Most importantly, the length- and substrate-dependent regulation of



34

RPBs defines an optimal time window for NME during translation and helps enhance its
specificity, as discussed above. Analogous ‘timing’ mechanisms that enhance fidelity was
also observed between SRP with TF (Ariosa et al., 2015; Bornemann et al., 2014), and could
provide a general and effective mechanism to coordinate the different cotranslational

biogenesis pathways.

Analogous to previous computational models that describe cotranslational protein
folding (Ciryam et al., 2013; O’Brien et al., 2012, 2014), the kinetic model described here
demonstrates how multiple parameters together contribute to NME, including enzyme
concentration, nascent chain length, rivalry with translation elongation, and regulation by
RPBs. Our simulation successfully predicted the NME efficiency of model substrates during
active translation in cell extracts, as well as regulation of NME by the rates and duration of
translation, demonstrating that the computational model derived from measurements on
translation-arrested RNCs faithfully recapitulates cotranslational nascent protein
modification by the NME enzymes. This model further predicts additional layers of control
over NME that await to be tested, such as changes in the cellular level or activity of PDF
during environmental changes (Somerville et al., 2003; Wilkins et al., 2001), SRP-induced
inhibition of deformylation on nascent chains with TMDs or signal sequences close to the
N-terminus (Ranjan et al., 2017), and diverse factors that regulate translation elongation,
including codon usage, translation stall sequences, and small molecule ligands that regulate

this stalling (Buskirk and Green, 2017; Rodnina, 2016; Seip and Innis, 2016). Importantly,



35

quantitative kinetic measurements coupled to computational modeling under physiologically
relevant conditions provide a powerful approach to elucidate how cotranslational protein
biogenesis occurs in the crowded and complex cellular environment, and may be useful for

understanding other biochemical pathways.

2.4. Materials and Methods

Plasmid and strain construction

The expression vector pET28a was used for the cloning of PDF, MAP, MAP-H79A,
and MAP-HA. MAP-H79A contains a cleavable N-terminal (His)e-SUMO tag and a C-
terminal GLPATGG extension, which does not affect the activity of MAP. For in vitro
transcription and translation of RNCs, DNA sequences coding the FtsQ or luciferase nascent
chains were subcloned via Gibson cloning (Gibson et al., 2009) into pUC19 containing T7
promoter and the ribosome-binding site (Norrander et al., 1983; Schaffitzel and Ban, 2007).
The Ms-supl stalling sequence was fused to the C-termini of nascent chain sequences via
Fastcloning (Li et al., 2011). For the cotranslational NME assay, DNA fragments coding
thioredoxin-fusion proteins were cloned into the pK7 plasmid (Jewett and Swartz, 2004)
between the T7 promoter and T7 terminator using Gibson cloning. To construct the strain
harboring C-terminal HA tagged MAP for preparation of S30 extract, the genomic MAP in
KC6 (A19 AendA met+ AtonA AspeA AtnaA AsdaA AsdaB AgshA (Calhoun and Swartz,

2006)) was modified using A-red recombination (Datsenko and Wanner, 2000).
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Protein expression and purification

PDF was purified as described (Ragusa et al., 1998). Briefly, BL21 star (DE3) cells
(Invitrogen) at ODgoo = 0.5 were induced with 0.5 mM IPTG at 30 °C for 4 h, and lysed by
sonication in buffer A (50 mM Hepes-KOH and 20 mM NiSOg, pH 7.5) containing ProBlock
Gold protease inhibitor cocktail (GoldBio). Clarified lysate was dialyzed overnight against
buffer A. After ultracentrifugation for 30 min at 55,000 rpm, 4 °C in a Ti 70 rotor (Beckmann
Coulter), the supernatant was loaded onto MonoQ 10/100 GL (GE Healthcare) equilibrated
with buffer B (50 mM Hepes-KOH, 10% glycerol and 5 mM NiSOs, pH 7.5) and eluted with
a linear gradient of 0-500 mM KCIl. Fractions containing single PDF band were collected
and dialyzed against buffer C (50 mM Hepes-KOH, 100 mM NacCl, and 0.2 mM CoCl,, pH

7.5) before storage at —80 °C.

Wild-type MAP, MAP-K226E, and MAP-HA were purified as described (Frottin et
al., 2006). BL21 star (DE3) cells at ODgoo = 0.6 were induced with 0.5 mM IPTG at 30 °C
for 3 h, and lysed by sonication in buffer D (50 mM Hepes-KOH, 10% glycerol and 0.2 mM
CoCly, pH 7.5) containing protease inhibitor. Protein in clarified lysate was precipitated with
0-80% ammonium sulfate. The pellet was resuspended with buffer D, dialyzed overnight
against buffer D, and loaded onto Q Sepharose Fast Flow column (GE Healthcare). For wild-
type MAP and MAP-K226E, proteins were eluted with buffer C and further purified with

MonoQ 10/100 GL using a linear gradient of 0-200 mM NaCl. Purified proteins were
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supplemented with 20% glycerol before storage at —80 °C. MAP-HA was eluted from Q
Sepharose with a linear gradient of 0-500 mM NacCl, and fractions containing purified

proteins were supplemented with 20% glycerol and stored at —80 °C.

To express MAP-H79A, BL21 star (DE3) cells at ODgoo = 0.6 were induced with 0.5
mM IPTG at 30 °C for 3 h, and lysed by sonication in buffer D containing protease inhibitor.
Clarified cell lysates were loaded onto Ni-NTA equilibrated with buffer E (50 mM Hepes-
KOH, 500 mM NaCl, 10% glycerol and 20 mM imidazole, pH 7.5). Proteins were eluted
with buffer F (50 mM Hepes-KOH, 150 mM NaCl, 10% glycerol and 500 mM imidazole,
pH 7.5), incubated with Hise-Ulp1protease and dialyzed overnight against buffer G (50 mM
Hepes-KOH, 50 mM NaCl, 10% glycerol, pH 7.5). Tag-free proteins were passed through
Ni-NTA, and further purified with MonoQ using a linear gradient of 0-200 mM NacCl.
Purified proteins were supplied with 0.2 mM CoCl> and 20% glycerol before storage in —80

°C.

RNC purification

Radiolabeled RNCs were generated by in vitro translation in E. coli S30 extract
supplemented with 3S-Met as described previously (Saraogi et al., 2011). In brief, plasmids
coding for nascent peptide sequence were transcribed and translated in 0.5 mL of mixture
containing 12 mM magnesium glutamate, 10 mM ammonium glutamate, 175 mM potassium

glutamate, 1.2 mM ATP, 0.86 mM each of GTP, CTP, and UTP, 34 pg/mL folinic acid, 0.17
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mg/mL E. coli tRNA (Roche), 2 mM each of amino acids except methionine, 10 pM
methionine, 0.44 pM ¥S-methionine, 33 mM phosphoenolpyrovate, 0.33 mM J-
nicotinamide adenine dinucleotide, 0.26 mM CoA, 2.7 mM sodium oxalate, 1.5 mM
spermidine, | mM putrescine, 4 uM anti-ssrl oligonucleotide, 28% (vol/vol) S30 extract, 5
UM actinonin, and 2 uM T7 RNA polymerase, pH 7.8, at 30 °C for 1.5 h. The reaction was
loaded onto a 40 mL sucrose gradient (10-50% sucrose in 50 mM Hepes-KOH, 500 mM
KOAc, 100 mM Mg(OAc),, 0.1% Triton X-100, 1 uM actinonin, and 1 mM TCEP, pH 7.5)
and centrifuged for 15 h at 23,000 rpm, 4 °C in a SW32 Ti rotor (Beckmann Coulter).
Monosome fractions were collected and centrifuged for 2 h at 100,000 rpm, 4 °C in a TLA
100.3 rotor (Beckmann Coulter). Pellets were washed and dissolved in assay buffer (50 mM
Hepes-KOH, 150 mM KOAc, 10 mM Mg(OAc),, and 1 mM TCEP, pH 7.5), and stored at
—80 °C. To prepare Cm-labeled RNCs, 75 uM Cm, 12 uM RF1 aptamer, and 12 pM
coumarine synthetase were included in the translation reaction, methionine was increased to
2 mM, and »S-methionine was omitted. The nascent peptide concentrations were determined
by scintillation counting or fluorescence measurement. For the RNC used in this study, 7—

15% of the ribosomes contained the nascent peptide.

RNC NME assays

Methionine cleavage assay. Pre-steady state kinetic measurements were carried out

under single-turnover condition using an RQF-3 Quench-flow instrument (KinTek). To
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remove the formyl group prior to measuring methionine cleavage, 20 nM RNC labeled with
a single 3°S methionine at the N-terminus was incubated with PDF (100 nM) in assay buffer
(50 mM Hepes-KOH, 150 mM KOAc, 10 mM Mg(OAc),, and 1 mM TCEP, pH 7.5) with
0.1 mM CoCl; at room temperature for at least 15 min. The reaction was initiated by rapidly
mixing deformylated RNC with an equal volume of MAP solution at varying concentrations,
and quenched with 10% TCA at specified time points. Quenched reactions were centrifuged
at 18,000 g, 4 °C for 10 min to precipitate the proteins. The supernatant containing released
33S-methionine was subjected to scintillation counting for quantification. The amount of free
methionine was normalized against the total amount of nascent chain, and the data was fit to

Eq. 1,

[Met]
[RNC]o

= C(1 — e_kabst) (1)

where kobs 1S the observed rate constant, and C is the maximum fraction of RNC that can be

processed.

Coupled deformylation assay. 20 nM RNC labeled with a single S methionine at
the N-terminus was rapidly mixed with an equal volume of enzyme solution containing 2
UM MAP and varying concentrations of PDF. The reaction was quenched with 10% TCA

and quantified as described above.
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ACT-quench deformylation assay. 20 nM RNC labeled with a single 3°S methionine
at the N-terminus was mixed with varying concentrations of PDF to initiate the reaction. For
substrates FtsQ-S2 and FtsQ-T2, the reaction was quenched with 40 uM of ACT at specified
times, and the deformylated methionine on the nascent chain was released by incubation with
0.1 uM MAP for 10 s. For FtsQ-V2 and FtsQ-N2, 80 uM ACT was used to quench the
reaction, followed by a 5 min incubation with 0.25 uM MAP. The reaction was quenched

with 10% TCA and quantified as described above.

Kinetic analysis. To determine the kinetic parameters under single-turnover

conditions, the following enzymatic reaction scheme was considered:

E+S

The expression for the observed rate constant of the reaction (kobsa) at a given enzyme

concentration was derived using the Cleland method (Cleland, 1975):

k _ k2 [E] _ kcat [E]
obsd — k_ + k - K. + [E
% + ] KmtIE] @)
where kea = ko, Kiy = —k_:rkz, and kea/Km = —=*= killzz . Under kea/Km conditions, [E] — 0, which
1 2 -1

gives us:
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kobsa = Gtk [E] = kcat/Km[E] 3)

kea/Km was obtained from a linear fit of ko values against effective enzyme concentration
(see next paragraph) at sub-saturating enzyme concentrations. We note that the expression

for kca/Km 1s the same, regardless of whether single or multiple turnover conditions are used.

To correct for the effect of enzyme depletion by vacant ribosomes (~50-100 nM) in
the reactions, we calculated the concentration of ribosome-bound PDF and MAP

concentrations (Table S2.1) using quadratic equations derived from the following equilibria:

K PDF
<~—— ribosome - PDF
K MAP
ribosome + MAP <——=

ribosome + PDF

ribosome - MAP (4)

in which the values of K4*PF and KMAP were 1.8 uM and 2.4 uM, respectively, as reported
previously (Bingel-Erlenmeyer et al., 2008; Sandikci et al., 2013). The effective enzyme
concentration was calculated by subtracting ribosome-bound enzyme from total enzyme

concentration.

MAP peptidase activity assay

The peptidase activity of purified MAP on a peptide substrate, Met-Gly-Met-Met,

was measured by a coupled assay as described (Frottin et al., 2006). Briefly, the N-terminal
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methionine released by MAP was oxidized by L-amino-acid oxidase and peroxidase,
resulting in changes in absorbance at 440 nm. Each reaction (100 pL) contained 50 mM
Hepes-KOH (pH 7.5), 0.2 mM CoCl,, 0.1 mg/mL o-dianisidine (Sigma), 3 units of
horseradish peroxidase (Sigma), 0.5 units of L-amino-acid oxidase (Sigma), 0.2 uyM MAP
and varying concentrations of Met-Gly-Met-Met (Genscript). The substrate concentration
dependence of initial velocities was fit to the Michaelis-Menten equation to obtain the kcas

and K, values.

Fluorescence labeling of MAP and MAP-H79A

MAP and MAP-H79A containing a C-terminal GLPATGG tag were labeled with
BODIPY-FL (Invitrogen) at the C-termini using sortase-mediating reactions (Guimaraes et
al., 2013). The labeling reactions contained 50 uM MAP, 120 uM Hiss-tagged sortase A and
250 uM GGGC-BODIPY peptide, and incubated at room temperature for 4 h. Sortase A was
removed by incubation with Ni-NTA resin, and excess peptides were removed using
Sephadex G25 (Sigma) gel filtration column. The labeling efficiency was estimated to be

>90%.

Fluorescence measurement

All fluorescent measurements were carried out at room temperature in assay buffer

containing 0.1 mM CoCl,. Emission spectrum and equilibrium titrations were measured on
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a Fluorolog-3 spectrofluorometer (HORIBA) using an excitation wavelength of 360 nm. Cm-
labeled RNC (8 nM) was deformylated with 100 nM PDF for at least 15 min and incubated
with indicated proteins before the measurement. For equilibrium titrations, the fluorescent

signals were normalized to the signal without MAP-H79A, and fit to Eq. 5,

Fobsd

_[RNC] + [MAP] + K4 —y/(IRNC] + [MAP] + K4)? — 4[RNC][MAP]
— Tmax 2[RNC] Q)

in which [RNC] and [MAP] are input values as described, Fossq is the normalized fluorescent
signal, Fyna is the signal at saturating MAP concentration, and Ky is the equilibrium
dissociation constant of the RNC-MAP complex. The association rate constant (ko) of the
RNC-MAP complex was measured on a Kintek stopped-flow apparatus. Cm-labeled RNC
(16 nM) was deformylated with 200 nM PDF for at least 15 min before the measurement,
and mixed with an equal volume of various concentrations of MAP-H79A to initiate the
reaction. The fluorescent signals (/) were monitored over time, and the time courses were fit

to Eq. 6,

I(t) =1+ (Imax - IO) ' (1 - e_kappt) (6)

where Iy is the signal at t = 0, [ 1s the signal at t = oo, and k 1s the observed rate constant

for complex assembly. The values of k4, were plotted against [MAP-H79A] and fit to Eq. 7,
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kapp = kOTL - [MAP] + kaff (7)

where ko, and k,; are the association and dissociation rate constants for the RNC-MAP

complex, respectively.

Cotranslational NME assay

PCR fragments encoding T7 promoter and FtsQ-X2-TrxA were transcribed and
translated in 10 pL of mixture containing 12 mM magnesium glutamate, 10 mM ammonium
glutamate, 175 mM potassium glutamate, 1.2 mM ATP, 0.86 mM each of GTP, CTP, and
UTP, 34 pg/mL folinic acid, 0.17 mg/mL E. coli tRNA (Roche), 2 mM each of amino acids
except methionine, 2% (v/v) **S-methionine, 33 mM phosphoenolpyrovate, 0.33 mM -
nicotinamide adenine dinucleotide, 0.26 mM CoA, 2.7 mM sodium oxalate, 1.5 mM
spermidine, 1 mM putrescine, 4 uM anti-ssrl oligonucleotide, 28% (v/v) S30 extract, 1
unit/pL. RNase inhibitor (NEB), and 6 uM T7 RNA polymerase, pH 7.8, at 30 °C for 30 min.
Where indicated, the control reactions contained 5 uM actinonin. Reactions were quenched
with SDS sample loading buffer (60 mM Tris-HCI, 1.6% SDS, 30 mM EDTA, 2.6 M urea,

30 mM DTT, 15% glycerol, pH 6.8) and analyzed by SDS-PAGE and autoradiography.

Preparation of ribosome-free cell extracts
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S30 extracts were supplemented with 500 mM KOAc and ultra-centrifuged in
TLA120.2 (Beckman-Coulter) rotor at 100,000 rpm, 4 °C for 1 h to sediment the ribosomes.
The supernatant was dialyzed against buffer containing 10 mM Tris-HCI (pH 8.2), 150 mM

KOAc, and 14 mM Mg(OAc),.

Western blots for protein quantification in cell extracts

The concentrations of purified proteins were determined by the absorption at 280 nm
(Strep-Sbh1) or Bradford assay (PDF and MAP-HA). Rabbit anti-PDF (MBS2547699;
MyBiosource), mouse anti-HA (Genscript), and mouse anti-Strep (Genscript) are
commercially available. IRDye 800CW goat anti-rabbit IgG (925-32211; LI-COR
Biosciences) or IRDye 800CW goat anti-mouse IgG (925-32210; LI-COR Biosciences)
were used for detection, and the signals were quantified by the Odyssey CLx imaging system

(LI-COR Biosciences).

Simulation modeling for cotranslational NME

A kinetic framework was constructed to describe the cotranslational NME of an n-
residue nascent protein under single turnover conditions (Fig. 2.4A). This describes the
reactions during in vitro translation in S30 lysate, in which the concentration of ribosome is

in excess of actively translated nascent proteins (Fig. S2.5A). The scheme in Fig. 2.4A can
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be described by the following differential equations for every nascent chain length 7, ranging

from 1 to n:

d
S fMRNC (i, £) = krans fmRNC(i = 1,6) = Kerans/mRNC (i, £)

— kPPF FmRNC (i, t) (8)

d
amRNC(i, t) = kipgnsmMRNC(i — 1,t) — KppansmRNC (i, t) + kFPF fmRNC(i, t)

— kMAPmRNC(i, t) ©)
d - MAP :
aRNC(l,t) =k -mRNC(i,t) (10)

where fmRNC, mRNC, and RNC represent the concentrations of unprocessed, deformylated,
and demethionylated RNCs, respectively. Note that at the start of translation elongation (i
=1), fmRNC (i-1, {) = mRNC (i-1, t) = 0. At translation termination (i = n), the terms

kiransfmRNC (i, t) and kyransmRNC (i, ) were omitted.

The rate constants and other parameters used in the simulation are summarized in
Table S2.1. The elongation rate constant (kuans) Was set to 2 residues per second, as reported
previously (Underwood et al., 2005). 4i"PF and &MAP are the pseudo-first-order rate constants
for the PDF and MAP reactions at chain length i, respectively, and were calculated from

(keat/Km)PPY[PDF] and (kcat/ Km)MAP[MAP]. We assumed that NME initiated when the nascent
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chain length reached 45 residues; hence (kea/Km)™PF and (kea/Km)MAT were set to zero for
nascent chains that are 0-44 amino acids long. Values of (kca/Km)™PF and (kca/ Km)MAT at
nascent chain lengths 45, 49, 67, 82, and 127 were experimentally measured, those at in-
between nascent chain lengths were linearly interpolated from experimental data, and those
for nascent chains longer than 127 residues were set to be the same as for RNCrsq127. The
total concentrations of PDF and MAP were determined to be ~300 nM by quantitative
western blot in S30 extract (Fig. S2.5B, C). We found that the activity of endogenous MAP
in the cell extract was ~2 fold lower than that of the recombinant enzyme (Figs. S2.5E-F);
hence, a two-fold correction was made to the absolute MAP concentration to obtain an
effective MAP concentration. Depletion of enzyme due to interaction with non-translating
ribosome (2.6 uM in S30 extract) was corrected by the same method as in measurements of

reactions using purified RNCs (see Eq 4 under “Kinetic analysis”™).

A Matlab script was used to simulate the time-dependent concentration of each
species using the numerical integration method. The initial concentrations at t = 0 were set
to 1 for fmRNC (1,0) and 0 for all other species. A step size of 0.05 s was used to simulate
the cotranslational NME of a 300-residue nascent protein (n = 300) over the time-course of
150 s. The time-course was extended to 600 s for the simulations with kyans = 0.5 and 1 s in
Figs. 2.4B-E and Figs. S2.7A-D. To estimate the contribution of experimental errors to the

simulation result, the enzyme concentrations, dissociation constants, and the values of k../K
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were randomly selected from normal distributions described by the mean value and relative

S.D., and the simulation was repeated 100 times.

2.5. Supplementary Figures and Tables

Figure S2.1. Structure projections of various RPBs on the ribosome.

PDF (purple), MAP (blue), TF (red), SRP (green) and SecA (brown) were shown as
outlines of the projections on 70S ribosome from the view of the large subunit, based on
reported structures and models (PDB-4V4Q, EMD-9750, EMD-9751, EMD-1499, EMD-
1250, and EMD-2564) (Schuwirth et al., 2005; Bhakta et al., 2019; Merz et al., 2008;
Schaffitzel et al., 2006). Projections of ribosomal proteins near the exit site (star) were
indicated.
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Figure S2.2. Validations of the assays for MAP and PDF reactions.

(A) Autoradiograph of purified RNCrsqs7. The N-terminal methionine on the nascent chain
(NC) was *°S-labeled and was cleaved by incubation with 3 uM PDF and MAP (‘+’ lanes).
The NC-tRNA conjugate was verified by hydrolysis with 100 mM NaOH and 25 mM
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EDTA (42 °C, 30 min) after the reaction (lanes 3 and 4). (B) The MAP concentration
dependence of observed rate constants for methionine cleavage of RNC bearing the N-
terminal 67 residues of luciferase (Luc). The second residue (Asn) of luciferase is mutated
to alanine such that the N-terminal sequence (MADAK) allows cleavage by PDF and MAP.
Linear fit of the data gave a kca/Km value of (1.9+ 0.06) x 107 M-!s'l, Data are shown as
mean + S.D., with n = 2. (C) Comparison of the peptidase activities between wildtype MAP
and MAP-K226E, using a tetra-peptide (MGMM) as substrate. Data are shown as mean +
S.D., with n = 2. (D) Observed rate constants of wildtype MAP and MAP-K226E for
methionine excision on RNCriqs7. The reactions were measured as in Fig. 2.1B with 10
nM RNCFrisqs7, 50 nM PDF, and 1 uM wildtype MAP or MAP-K226E. Data are shown as
mean + S.D., with n = 3. (E) Representative time traces for the cleavage of 10 nM RNChet-
FisQs7 By 1 uM wildtype MAP (black) or mutant MAP-H79A (blue). (F) The cleavage of
RNCwmet-Fiss7 by MAP-H79A (8 uM) was carried out over a longer time course to measure
the observed reaction rate constant for this mutant. (G) Representative image for the
binding of wildtype MAP and MAP-H79A to 70S ribosome, measured by the co-
sedimentation assay. 1 uM BODIPY-labeled MAP or MAP-H79A was incubated with
indicated concentrations of 70S ribosomes at room temperature for 20 min in binding
buffer (50 mM Hepes-KOH, 50 mM KOAc, 10 mM Mg(OAc)z, 0.1 mM CoCl,, pH 7.5).
40 pL of the reaction was loaded onto 80 uL of 20% sucrose in binding buffer, and
centrifuged in TLA100 rotor (Beckman Coulter) at 80,000 rpm, 4 °C for 75 min. The
ribosome pellet was resuspended with 40 pL. of SDS sample loading dye (50 mM Tris-HCI,
1% SDS, 10% glycerol, 100 mM DTT, pH 6.8). Total reaction (T), supernatant (S) and
pellet (P) were analyzed by SDS-PAGE and quantified with Typhoon FLA7000
fluorescence imager. The values underneath are the amount of ribosome-bound MAP,
determined by the fluorescence intensities in the pellet lane to the corresponding total lane.
(H) The observed rate constant for deformylation of RNCiwvet-risqs7, measured using the
coupled assay in Figure 2.2B, was determined with 1 uM PDF and indicated concentrations
of MAP. The observed rate constant did not change significantly at MAP concentrations
above 0.5 uM, indicating that the MAP reaction is not rate-limiting under these conditions.
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Figure S2.3. Length dependence of NME reactions.

(A) NME of RNCr with different nascent chain lengths in cell extract. RNCs bearing
FtsQ nascent chains containing a single N-terminal 3°S-Methionine were generated by in
vitro translation in the S30 extract and allowed to be processed by endogenous PDF and
MAP during a 1-h translation (‘— actinonin’ lanes). The ‘+ actinonin’ lanes provide controls
for the amount of RNC without NME. The extent of NME was analyzed by SDS-PAGE
and autoradiography. (B) Quantification of the data in (A) by normalizing the nascent
peptide signals in the ‘— actinonin’ lanes relative to parallel translations in the ‘+ actinonin’
lanes. (C), (D) Summary of the kca/Km values of the PDF (C) and MAP (D) reactions for
RNCs bearing FtsQ-S2 nascent chains of the indicated lengths. The PDF reaction rate
constants were measured using the coupled deformylation assay (Fig. 2.2B). (E) Observed
rate constants of MAP reactions on RNCrisq-v2 at the indicated nascent chain lengths.
Reactions were measured with 10 nM RNCrsq-v2 and 1 uM MAP. Values in (C)—~(E) are
shown as mean + S.D., with n = 2-3.
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Figure S2.4. RPB effects on NME reactions.

(A) Time traces for cleavage of 10 nM RNCrsq49-52 by 1 tM MAP in the presence of 5 pM
(blue) or 10 uM (black) TF. The data were fit to Eq. 1 and gave kobs values of 5.6 and 5.3
s, respectively, indicating the saturation of TF effect on the MAP reaction. (B) Effects of
TF, SRP and SecA on the deformylation of RNCrisqa9-s2. Observed rate constants were
measured with 10 nM RNCrqs2-s2, 0.5 uM PDF and 1 uM MAP using the coupled assay.
Where indicated, the reactions also contained 5 puM TF, 400 nM SRP, and 1 uM SecA. (C)
Effects of TF, SRP, SecA, or ribosome-free cytosol on methionine cleavage of RNCrisqao-
s2 by MAP. Observed rate constants were measured with 10 nM RNCrsq49-s2 and 1 uM
MAP. The ‘+cytosol’ reaction contained 28% (v/v) of ribosome-free S30 extract with ~110
nM endogenous MAP (see Materials and Methods and Fig. S2.7D). The data in (B) and (C)
are shown as mean + S.D., with n = 2.
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Figure S2.5. Length dependence and RPB effect on MAP reactions of RNClpuyc.

(A) Summary of the kc./Km values of the MAP reaction for RNCs bearing the luciferase
nascent chain of indicated lengths. (B) Effects of TF and SRP on methionine cleavage of
RNCs bearing the luciferase nascent chains of indicated lengths. Observed rate constants
were measured with 10 nM RNCs and 1 uM MAP. All data are shown as mean = S.D.,
with n = 2.
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Figure S2.6. Characterization of endogenous PDF and MAP-HA in cell extracts.

(A) Anti-Strep immunoblot (upper panel) to measure the concentrations of the substrates
for the cotranslational NME assay, FtsQ-X2-TrxA-Strep, translated for 30 min at 30 °C in
S30 extract. Known concentrations of a purified Strep-tagged protein, Sbh1, were used to
construct a standard curve for the quantification (lower panel, black line). The substrate
concentrations were determined to be 150200 nM; as ribosomes were being turned over
during translation, these values are upper limits of the substrate concentration during
cotranslational NME. (B) A representative anti-PDF immunoblot (upper panel) to measure
the endogenous level of PDF in S30 extract. Known concentrations of purified PDF were
used to construct a standard curve for quantification (lower panel). The PDF concentration
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was determined to be 320 = 20 nM (S.D., n = 3) in the in vitro translation (IVT) reactions,
which contained 28% (v/v) of S30 extract. The asterisks denoted non-specific bands. (C)
Representative western blot (upper panel) to determine the endogenous level of MAP in
S30 extract. To facilitate quantification, an HA tag was engineered C-terminal to the
genomic MAP. The activity of MAP-HA in the cell extract was comparable to that of wild-
type MAP (Fig. S2.9). Known concentrations of purified MAP-HA were used to construct
a standard curve for the quantification (lower panel). The concentration of MAP-HA was
determined to be 250 + 50 nM (S.D., n = 4) under IVT conditions. (D) A representative
anti-HA immunoblot to measure the endogenous level of MAP-HA in S30 extract and in
ribosome-free cytosol (S30—70S) used in the reactions shown in Figures S2.7E, S2.7F, and
S2.3C. The concentration of MAP-HA in the ribosome-free extract was determined to be
110 = 40 nM (S.D., n = 2) under IVT conditions. (E) Observed rate constants for
methionine cleavage of RNCrisqs7-s2 in the presence of ribosome-free cytosol were plotted
as a function of MAP concentration. The reactions contained 10 nM RNC, 28% (v/v)
ribosome-free S30 extract with ~110 nM endogenous MAP (measured in (D)), and
indicated concentrations of purified MAP. The line is a linear fit of the data, and the
obtained k../K,» value is indicated. (F) Time course for methionine cleavage of RNCrisqe7-
s2 by endogenous MAP-HA in the S30 extract. The reaction contained 10 nM RNC and
28% (v/v) ribosome-free S30 extract containing ~110 nM endogenous MAP. The data were
fit to single exponential function and gave a koss value of 0.16 £ 0.05 s*!, ~2-fold slower
than that expected based on the k../Kn value measured in Fig. S2.7E, suggesting that
endogenous MAP has 2-fold lower activity than purified MAP. Values in (E) and (F) are
shown as mean + S.D., withn = 2.
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Figure S2.7. Comparison of the simulated reaction profiles for cotranslational
deformylation (magenta) and methionine cleavage (blue) of FtsQ-X2 in the presence
of RPBs.

The profiles were plotted as the cumulative fraction of processed RNCs over time, which
was converted to the nascent chain length being synthesized. For each independent run, the
enzyme concentrations and the processing rates were randomly selected from normal
distributions with a relative S.D. of 20%. Results from 100 runs were shown as mean +
S.D.
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Figure S2.8. The individual NME reaction profiles generated during the sensitivity
test shown in Figs. 2.4B-E.



58

A FtsQ-X2-TrxA-171aa
X= S T \Y N
ACTB5uM) + — + — + — + —

Loading Ctrl >

-15kD
FISQ-TIXA > -

B Co-translational NME
120
FtsQ-X2-TrxA

100 |
B MAP strain

NME (%)

Figure S2.9. The C-terminal HA tag did not affect MAP function.

(A) Representative SDS-PAGE and autoradiography analysis of cotranslational processing
of FtsQ-X2-TrxA in the S30 extract prepared from E. coli strain harboring MAP-HA. (B)
Quantification of the cotranslational NME efficiency from the data in (A) and replicates,
and comparison with the NME efficiency from the S30 extract from the wild-type strain

(Fig. 2.5D).



Table S2.1. Parameters used in the Kinetic simulation model.

All values are represented as mean * S.D., and the relative S.D. are indicated in parentheses.

The RPB effect is represented as folds decrease relative to the condition without RPBs.
The effects of second residues and nascent chain length for T2, V2, N2 are represented as
folds reduction relative to S2.

ribosome 2.6+£0.3 uM (10%)
[PDF] 320 + 20 nM (10%)
K/PF 1.8 £ 0.5 uM (30%)
KAMAP 2.4+0.4 uM (20%)
ktrans 2 aals
Length 45 49 56 67 72 82 127
kea/Km (106 M'sh) | 0.098 | 0.31 | 0.76 2.0 1.3 0.78 | 0.73
RPB effect 2
kppr 1
(20%) .
Second residue T2: 1
effect V2:1
N2:2
Length 45 49 56 67 72 82 127
kea/Km (107 M1s71) | 0.14 2.1 1.4 1.9 2.8 1.2 1.6
RPB effect for S2 4.6 4.6 3.2 1.1 1.1 1.3 1.7
RPB effects for
T2, V2, N2 2.4 24 2 1.6 2 3 8
];Agf; Length effects for
(20%) T2, V2. N2 3.6 3.6 1 1 1 2 1
S2:1
Second residue T2:2
effect V2:10.3
N2: 294
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Chapter 3

RIBOSOME-NASCENT CHAIN INTERACTION REGULATES N-

TERMINAL PROTEIN MODIFICATION

A version of this chapter was first published as: Yang, C.-1., Kim, J., Shan, S.-o.
(2022). “Ribosome-nascent Chain Interaction Regulates N-terminal Protein Modification.”
In: Journal of Molecular Biology 434, pp. 167535. doi: 10.1016/j.jmb.2022.167535.

Numerous proteins initiate their folding, localization, and modifications early during
translation, and emerging data show that the ribosome actively participates in diverse protein
biogenesis pathways. Here we show that the ribosome imposes an additional layer of
substrate selection during N-terminal methionine excision (NME), an essential protein
modification in bacteria. Biochemical analyses show that cotranslational NME is exquisitely
sensitive to a hydrophobic signal sequence or transmembrane domain near the N-terminus
of the nascent polypeptide. The ability of the nascent chain to access the active site of NME
enzymes dictates NME efficiency, which is inhibited by confinement of the nascent chain on
the ribosome surface and exacerbated by signal recognition particle. /n vivo measurements
corroborate the inhibition of NME by an N-terminal hydrophobic sequence, suggesting the
retention of formylmethionine on a substantial fraction of the secretory and membrane

proteome. Our work demonstrates how molecular features of a protein regulate its
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cotranslational modification and highlights the active participation of the ribosome in protein

biogenesis pathways via interactions of the ribosome surface with the nascent protein.

3.1. Introduction

Proteins carry out the majority of biological functions in the cell. To acquire their
functionality, newly synthesized proteins need to undergo adequate modifications, fold into
the correct structures, and reach their proper cellular destinations. These processes,
collectively termed protein biogenesis, often occur when the nascent polypeptide is being
synthesized on the ribosome. The surface of the ribosome surrounding the nascent
polypeptide tunnel exit serves as a hub to recruit various ribosome-associated protein
biogenesis factors (RPBs) (Koubek et al., 2021; Kramer et al., 2009, 2019). In bacteria, these
include targeting factors such as Signal Recognition Particle (SRP) and SecA, cotranslational
chaperones such as Trigger Factor (TF), and protein modification enzymes. The nascent
protein encodes molecular signals to initiate dedicated protein biogenesis pathways. For
instance, SRP recognizes a transmembrane domain (TMD) on membrane proteins, or a
strong signal sequence containing a continuous stretch of hydrophobic amino acids (Akopian
et al., 2013) on a subset of secretory proteins. TF broadly engages hydrophobic sequences
on cytosolic proteins as well as a subset of secretory proteins (De Geyter et al., 2020; Oh et
al., 2011; Patzelt et al., 2001; Valent et al., 1995). During translation elongation, emergence

of new molecular signals on the nascent protein could allow distinct RPBs to be recruited or
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repositioned on the ribosome and potentially guide the sequence of cotranslational biogenesis

events (Koubek et al., 2021; Kramer et al., 2019).

In addition to the recruitment of RPBs, the ribosomal surface also directly interacts
with diverse nascent polypeptides. The surface of the 50S ribosome subunit is highly acidic
due to the ribosomal RNA (Fedyukina et al., 2014) and able to constrain nascent chains via
electrostatic interactions (Cassaignau et al., 2021; Kaiser et al., 2011). In addition, multiple
nonpolar regions are decorated on the ribosome surface at uL23/ul.29, uL.24, and bL.17/bL.32
(Fedyukina et al.,, 2014; Guzman-Luna et al., 2021). Several nascent chains bearing
hydrophobic signal sequences were reported to interact with ulL.23/ul.29 adjacent to the
tunnel exit (Eisner et al., 2006; Peterson et al., 2010; Ullers et al., 2003; Wang et al., 2019).
Recently, it was reported that even an intrinsically disordered nascent protein crosslinks
strongly to uL23 and the neighboring ulL.29 in a Mg?'-dependent manner (Guzman-Luna et
al., 2021). These ribosome-nascent chain interactions have been shown to stabilize the
nascent protein in an unfolded state until downstream sequences emerge to recruit
cotranslational chaperones or binding partners(Cabrita et al., 2016; Cassaignau et al., 2021;
Kaiser et al., 2011; Waudby et al., 2019). This ‘holdase’ activity of the ribosome allows
nascent proteins to avoid local kinetic traps and thus fold productively (Waudby et al., 2019).
While the contribution of the ribosome in cotranslational protein folding has been actively
studied, whether ribosome-nascent interactions participate in other biogenesis pathways

remains unclear.



63

The covalent modification of nascent proteins constitutes an essential branch of
cotranslational protein biogenesis. In bacteria, translation is initiated with formylmethionine
(fMet), which is sequentially removed via the N-terminal methionine excision (NME)
process catalyzed by two enzymes: peptide deformylase (PDF) and methionine
aminopeptidase (MAP) (Giglione et al., 2004, 2015). Both enzymes are essential in bacteria
and important targets for developing antibiotic drugs (Giglione et al., 2004). While PDF is
promiscuous, MAP preferentially cleaves nascent polypeptides with small amino acids at the
second residue after initiator methionine (iMet) (Frottin et al., 2006; Hu et al., 1999). Under
physiological conditions, the NME reactions are further reshaped by the ribosome and other
RPBs (Oh et al., 2011; Ranjan et al., 2017; Sandikci et al., 2013; Yang et al., 2019). Using
substrates bearing structureless N-terminal sequences from a membrane protein FtsQ and a
cytosolic protein luciferase, our previous work demonstrated that the association of MAP
with the ribosome leads to rate enhancements of 10*-10* fold compared to reactions on
peptide substrates, allowing diffusion-limited nascent chain processing by MAP. On the
other hand, SRP and TF selectively restrict the time window for the reaction of suboptimal
substrates with large side chains at the second residue, and thus ensure the local sequence
specificity of cotranslational NME (Yang et al., 2019). These observations underscore

multiple mechanisms that can influence NME.

These previous studies were carried out on nascent polypeptides largely devoid of

structural features near the N-termini, raising questions as to whether and how molecular
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features on the nascent chain in addition to the size of the second residue following iMet
contribute to NME. Indeed, SRP was found to inhibit the deformylation of ribosome-nascent
chain complexes (RNCs) bearing TMD or signal sequences on the nascent chain (Ranjan et
al., 2017). However, ~50% of the SRP-engaging proteins identified by selective ribosome
profiling experiments underwent NME in vivo (Bienvenut et al., 2015; Schibich et al., 2016).
Moreover, FtsQ, a bona-fide SRP substrate, was efficiently processed by both PDF and MAP
on the ribosome, suggesting that the SRP-induced inhibition of deformylation is conditional
on other molecular determinants (Yang et al., 2019). Whether and how molecular features
on the nascent protein are sensed by the ribosome and other RPBs to determine the N-termini

status of nascent proteins remain to be understood.

In this work, a combination of enzymatic kinetics, fluorescence measurements, and
crosslinking analyses show that a contiguous stretch of hydrophobic residues, from either a
TMD or a strong signal sequence, located near the N-terminus of the nascent chain inhibits
both PDF and MAP reactions. This inhibition is due to confinement of the nascent chain on
the ribosomal surface and is further exacerbated by SRP. Consistent with the biochemical
measurements, this inhibitory effect remains dominant over the intrinsic sequence preference
of the enzymes in vivo, leading to the retention of fMet on ~10% of the bacterial proteome.
Our work reveals a previously unrecognized mechanism by which NME is regulated under
physiological conditions, and provides a novel example of the active participation of the

ribosome in protein biogenesis via its interaction with the nascent protein.
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3.2. Results

An early TMD or signal sequence inhibits cotranslational NME.

Previous work based on peptide substrates showed that MAP strongly prefers
substrates with a small residue following iMet (Frottin et al., 2006). To uncover additional
features on the nascent protein that regulate NME efficiency and to test whether NME differs
for proteins destined for different biogenesis pathways, we in vitro translated a series of
model substrates in the E. coli S30 extract in the presence of 3>S-methionine (Yang et al.,
2019)(Fig. 3.1A). The model substrates consist of N-terminal sequences derived from
proteins of interest fused to a cytosolic protein, thioredoxin (TrxA), and are free of
methionine residues other than the iMet. To control for the specificity of MAP for small
second-site residues, we replaced the second residue of all substrates with alanine (Figs. 3.1B
and S3.1A). These substrates are subject to NME by endogenous PDF and MAP and to
regulation by additional factors in the lysate during translation, and their NME efficiency is

determined by the reduction of the iMet signal (Fig. 3.1A).

Despite bearing the same second site residue, different NME levels were observed
for the model substrates tested (Figs. S3.1B, C). Substrates bearing the N-terminus of
cytosolic proteins, luciferase (Luc) and chloramphenicol acetyltransferase (CAT), were
completely processed by PDF and MAP. Complete NME was also observed for integral

membrane proteins FtsQ and RodZ, which can cotranslationally engage SRP and SecA
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(Valent et al., 1995; Rawat et al., 2015; Wang et al., 2017; Schibich et al., 2016). NME was
modestly inhibited on the secretory proteins OmpA and PhoA, which harbor weakly
hydrophobic signal sequences (Hartl et al., 1990; Oh et al., 2011; Valent et al., 1995), and
strongly inhibited on DsbA, a secretory protein with a more hydrophobic signal sequence.
EspP, an autotransporter bearing a 38-residue N-terminal element (NTE) preceding a
hydrophobic signal sequence (Peterson et al., 2006), was efficiently processed, whereas
removal of its NTE (EspP dNTE) abolished NME. These results demonstrate additional
layers of regulation of NME efficiency contributed by the N-terminal signals beyond the size

of the second residue.

A common feature of the strongly inhibited substrates, DsbA and EspP dNTE, is a
hydrophobic signal sequence that closely follows iMet. To test the effect of signal sequence
hydrophobicity on NME, we replaced the hydrophobic core of the PhoA signal sequence
with leucine and alanine and systematically varied the Leu/Ala ratio (Doud et al., 1993) (Fig.
3.1C). NME was strongly inhibited on the more hydrophobic variants, 3A7L and 2A8L (Figs.
3.1D and E). Despite having a hydrophobic TMD, FtsQ and RodZ underwent complete NME
(Figs. S3.1B and C). We reasoned that the long NTE preceding their TMD might allow
efficient processing by PDF and MAP before the TMD emerges from the ribosome tunnel
exit. To test how the position of the TMD affects NME, we systematically truncated the NTE
of FtsQ (Fig. 3.1F). Substrates with NTE longer than 12 residues were efficiently processed,

but NME efficiency decreased drastically upon further truncation, indicating that a threshold
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distance of the hydrophobic signal sequence or TMD to the N-terminus is required for

efficient NME (Figs. 3.1G and H).
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Figure 3.1. An early TMD or hydrophobic signal sequence inhibits cotranslational
NME of nascent proteins.

(A, B) Scheme of the cotranslational NME assay. Model substrates (depicted in (B)) were
translated in E. coli cell extracts containing 3°S-Met and processed by endogenous PDF
and MAP. POI-N: N-terminal sequence of protein of interest. (C) Scheme of the PhoA
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variants. The hydrophobic core of the signal sequence was replaced with the indicated
sequences and colored in dark green. The number of the residues N- and C-terminal to the
signal sequence in POI-N are indicated. (D) Representative SDS-PAGE autoradiography
of the cotranslational NME of the PhoA variants. Red arrows indicate the substrates
translated in the extracts. Black arrows indicate the loading control. Reactions in the
presence of actinonin (ACT, 5 uM) provided controls for the iMet signal on substrates
without NME. (E) Efficiency of cotranslational NME of the PhoA variants, determined
from the data in (D) and their replicates by the reduction of the iMet signal in the reactions
without ACT relative to that in the presence of ACT. (F) Scheme of the FtsQ variants. The
NTE of FtsQ (first 27 residues) preceding the TMD (residues 28-49) was systematically
truncated from the C-terminus, as indicated. (G) Representative SDS-PAGE
autoradiography for cotranslational NME of the FtsQ wvariants. (H) Efficiency of
cotranslational NME of the FtsQ variants, determined from the data in (G) and their
replicates. All values are reported as mean + SEM, with n > 3.

To decipher whether the inhibition is exerted on the PDF or MAP reaction, we
analyzed the N-terminus of the NME-inhibited substrates after their coupled translation and
processing in the S30 extract (Figs. S3.1D-F) using thin layer chromatography (TLC).
Substantial remaining fMet was detected, indicating partial inhibition of the deformylation
reaction (Figs. S3.1E and F). However, deformylation was reduced by only 50% on 2AS8L,

EspP dNTE, and DsbA and cannot fully account for the inhibition of NME, suggesting that

both the PDF and MAP reactions were compromised on these substrates (Fig. S3.1F).

The results above show that a hydrophobic signal sequence or TMD near the N-
terminus of a nascent protein prevents its processing by PDF and MAP. This inhibition could
arise from the intrinsic properties of these sequences, or from the action of additional RPBs
in the cell lysate such as SRP. To distinguish between these possibilities, we prepared

ribosome-nascent chain complexes (RNCs) with a defined nascent chain sequence and a
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chain length previously determined to be optimal for processing by PDF and MAP (Yang et
al., 2019). The RNCs were generated via in vitro translation in S30 extract, and purified via
a stringent sucrose-gradient centrifugation to remove ribosome-associated factors (Yang et
al., 2019). We carried out pre-steady-state kinetic measurements of the PDF and MAP
reactions on the purified RNCs under single-turnover conditions at sub-saturating enzyme

concentrations (Fig. 3.2A) (Yang et al., 2019).

Both the PDF and MAP reactions are sensitive to the location and hydrophobicity of
the membrane targeting signals. For FtsQ variants in which the NTE preceding the TMD is
systematically truncated (Fig. 3.2B), the PDF and MAP reactions were inhibited by 30- and
10-fold, respectively, when the NTE was shortened to 8 residues, indicating that a flexible
NTE of at least 9-12 residues is required for efficient NME (Figs. 3.2D and E). For PhoA
variants in which the hydrophobicity of the N-terminal signal sequence was varied (Fig.
3.2C), the PDF reaction was slowed ~10 fold by a signal sequence with moderate
hydrophobicity (SASL vs. Luc, Fig. 3.2F) and 100-200 fold by more hydrophobic signal
sequences (3A7L and 2A8L, Fig. 3.2F). The MAP reaction was also susceptible to this
inhibition, with 4 fold and 40-80 fold slower rates on substrates with moderate and high

hydrophobicity, respectively (Fig. 3.2G).



70

B FtsQ NTE variants

FtsQ 127 |28 50-59
FtsQN12  1-12  [J284S 50-76
FtsQ N8 1-8 2848 s0-80
FtsQN5s 15 284S 5083

C PhoA signal sequence variants

5A5L 1-5 |JUADADADAIAN 1661
PhoA 1-5 JAIANIPIIENN 1661
3A7L  1-5 [IANNNIAIAN 1661
2A8L  1-5 JUANINNIADNN 1661

D PDF reactions, FtsQ variants F PDF reactions, PhoA variants
-
= 108 = 108
‘.'m Fm E dekk
.E 'E ] Fkk
= 5 = 5_
—g 10 -'% 10
§ 4 ¥~ 4_' *kk
3 10 3 10%3
10° 103
& F S o
0 .@ \e R N ¢
Q\“‘ < <
E MAP reaction, FtsQ variants G MAP reaction, PhoA variants
1 =
= 107 = 1075
] o 3
5 G
= 6 -
g 10 g 10 3
3 } ]
¥§ 105 ;_E- 105
= 3
= ]
104 104
® @ O Qv F A Qv
& \\0 N ARSI O
< oF QY Y 9
& & &

Figure 3.2. NME reactions are directly inhibited by sequence features on the nascent
chain.

(A—C) Scheme of the RNC substrates used in the NME reaction measurements. An 8
amino acid stall sequence at the C-terminus, derived from Ms-supl, allows the generation
of translationally stalled nascent chains with defined lengths. The total length of the nascent



71

chains is 67 residues for FtsQ variants (B) and 69 residues for PhoA variants (C). The
release of °S-labeled (asterisk) iMet provides readout for the extent of the reactions. (D)
and (E) Summary of the observed rate constants of the PDF (D) and MAP (E) reactions
on purified RNCs with the FtsQ variants. The PDF reactions (D) were measured with 10
nM RNC and 100 nM PDF for RNCrysq and RNCriso ni12 or 500 nM PDF for RNCrisq N8
and RNCruq n5. The MAP reactions (E) contained 10 nM RNC and 100 nM MAP.
Apparent kca/Kn 1s the observed pseudo-first-order rate constant divided by enzyme
concentration. (F) and (G) Summary of the observed rate constants of the PDF (F) and
MAP (G) reactions on purified RNCs with the PhoA variants. The reaction rates of RNCruc
(open bars) were included for comparison with a substrate without a signal sequence. The
PDF reactions (F) were measured with 10 nM RNC and 100 nM PDF for RNCruc, RNCphoa
and RNCsast or 500 nM PDF for RNCsa71 and RNCaasgr. The MAP reactions (G) contained
10 nM RNC and 100 nM MAP. All values are reported as mean = SEM, with n > 2. “*’,
“¥%°and “*** represent p < 0.05, 0.01, and 0.001, respectively, based on unpaired t-tests.
‘ns’, p>0.05.

In addition to hydrophobicity, a signal sequence or TMD could adopt helical
structures that prevent the N-terminus from entering the enzyme active site. However, helical
contents of the signal sequences, calculated from the prediction algorithm AGADIR, did not
correlate with the observed NME reaction rates (Mufioz and Serrano, 1995) (Figs. S3.2). For
instance, the SASL signal sequence has a significantly higher helical propensity than PhoA,
but the reaction rate of SASL is comparable to or even slightly faster than that of PhoA (Figs.

3.2F and G). Therefore, secondary structure propensity is not sufficient to explain the

inhibitory effect of an N-terminal signal sequence or TMD.

Collectively, the results in this section show that a hydrophobic signal sequence or
TMD that emerges within 12 amino acids of the N-terminus inhibits the cotranslational

modification of nascent proteins by both PDF and MAP. The observation of enzymatic
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inhibition in the purified system further indicates that the molecular properties of the nascent

chain are sufficient to regulate the PDF and MAP reactions.

Nascent chain-ribosome interactions regulate NME.

To understand the mechanisms by which the nascent chain sequence regulates its
cotranslational NME, we considered a model in which binding of the enzymes to the RNC
is followed by docking of the nascent chain N-termini at the enzyme active site, which
mediates hydrolysis of the peptide bond (Fig. 3.3A). Any effect of the N-termini at the
hydrolysis step can be excluded, as residues 2-4 following iMet that directly interact with the
enzyme active site are identical within each set of the variants tested (Fig. 3.3A, Step 3; Figs.
3.2B and C) (Frottin et al., 2006; Hu et al., 1999). We therefore examined whether the N-
terminal hydrophobic signal sequence exerts regulation by altering the ability of NME
enzymes to bind the RNC (Fig. 3.3A, Step 1) or the access of the nascent chain N-termini to

the enzyme active site (Step 2).

To test the first model, we established a fluorescence-based assay to measure the
binding of the ribosome with PDF and MAP (Fig. 3.3B and Fig. S3.3). We incorporated a
ybbR tag at the C-terminus of ribosomal protein bL 17, which allows labeling of a donor dye
(BODIPY-FL) via Sfp-mediated reactions (Yin et al., 2005). An acceptor dye
(tetramethylrhodamine, TMR) was labeled at the N-terminus of PDF or the C-terminus of

MAP. Based on structural information, the dye pairs are ~40 A apart in the ribosomesPDF
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or ribosome*MAP complex (Bhakta et al., 2019). An affinity tag (3X Strep) followed by
ubiquitin (Ub) was fused N-terminally to the nascent peptide of interest, allowing affinity
purification of the RNCs followed by Usp2-catalyzed removal of the N-terminal Ub fusion
to generate nascent chains with the native iMet (Catanzariti et al., 2004). To bypass potential
complications from enzymatic processing of the nascent chain, we used catalytically inactive
mutants, PDF(E133A) or MAP(H79A), for ribosome binding measurements (Copik et al.,

2003; Lowther et al., 1999; Rajagopalan et al., 2000).

The equilibrium dissociation constants (Ks) of PDF(E133A) and MAP(H79A) for the
non-translating 70S ribosome are 7.3 £ 0.7 uM and 5.4 £+ 0.8 uM, respectively, comparable
to albeit slightly higher than the reported values of 2.7 uM and 2.4 uM using the wild-type
enzymes (Bingel-Erlenmeyer et al., 2008; Sandikci et al., 2013) (Figs. 3.3C and D). The
presence of the nascent chain does not affect the ribosome binding affinity of PDF (Fig. 3.3C).
The FtsQ, PhoA and Luc nascent chains modestly stabilized the ribosome-MAP interaction
by 2-3 fold (Fig. 3.3D). Nevertheless, substrates with 10-100 fold difference in reaction rates
differ in Ky by < 3 fold (c¢f. FtsQ and FtsQNS; Luc and 2A8L; Fig. 3.3D). Thus, differences
in enzyme-ribosome binding are insufficient to account for the strong inhibition of the PDF

and MAP reactions (Figs. 3.2D-G).
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Figure 3.3. Interaction between the ribosome and the nascent chain regulates NME
efficiency.

(A) Proposed model of PDF or MAP reactions on the RNC. (B) Scheme of the FRET-
based binding assay. The ribosomal protein bL17 was genetically modified with a ybbR
tag at the C-terminus and labeled with BODIPY-FL (green star). The nascent chain length
is 67 residues for Luc and the FtsQ variants, and 69 residues for the PhoA variants. TMR
(red star) was labeled at the N-terminus of PDF(E133A) or the C-terminus of MAP(H79A).
(C) and (D) Summary of the K4 values between the indicated RNCs and PDF(E133A) (C)
or MAP(H79A) (D), determined from equilibrium titrations of TMR-labeled PDF(E133A)
or MAP(H79A) to 10 nM BODIPY-FL-labeled RNCs. Values are reported as mean + SEM,
with n > 2. (E, F) Observed rate constants of the PDF (E) and MAP (F) reactions as a
function of the hydropathy score of the nascent chains, defined as the GRAVY score (Kyte
and Doolittle, 1982)of the most hydrophobic stretch of 11 residues that begins within the
first 11 amino acids. Apparent k../K» values are from Figs. 3.2D—G. Lines are fits of the
data to Eq. 6 in Methods, which describes the two-state model in (A). (G) Scheme of the
RNCs used in the crosslinking experiments. The ribosomal protein uL.23 carries a mutation
S21C. A cysteine is placed near or in the TMD/signal sequence (dark green) of the model
substrates, as detailed in Methods. The nascent chain length from the methionine to the
PTC is 67 residues for FtsQN8 and DsbA, and 69 residues for the PhoA variants. (H)
Representative western blots of the crosslinking experiment. The RNCs (500 nM) were
incubated with or without 0.8 mM 1,4-bismaleimidobutane (BMB). Crosslinked products
between the nascent chain and uL.23 (red arrows) were detected with anti-Strep (for nascent
chain) and anti-uL23 antibodies. Asterisks denote non-specific bands detected by the anti-
ul.23 antibody.

These results strongly suggest that the inhibitory effect of the hydrophobic N-
terminal sequences on NME arises primarily from differential access of the nascent chain N-
termini to the enzymes on the ribosome. To test this model, we used an established
fluorescence assay in which an environmentally-sensitive probe, coumarin, at the fifth

residue of RNCrsq undergoes an increase in fluorescence upon docking at the MAP active

site ((Yang et al., 2019) and Fig. S3.4A). In contrast to RNCrq, the coumarin fluorescence
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signal of RNCrisong remained unchanged, suggesting a failure of proper positioning of the

FtsQNS nascent chain at the MAP active site (Fig. S3.4B).

Based on these results, we hypothesized that hydrophobic interactions with the
ribosome surface confine the nascent chain N-terminus at a position inaccessible to the
enzyme active sites. The interaction biases the equilibrium toward the "inactive" state,
whereas weaker interaction allows the nascent chain to sample the "active" state more
frequently and complete the hydrolysis step (Fig. 3.3A). To test if this model can
quantitatively explain the differential reaction kinetics of the model substrates, we derived
an analytical equation according to the two-state model, which describes the hydrophobic
interaction as an additional activation barrier for the enzymatic reactions by disfavoring the
docking equilibrium (see Methods). Considering the threshold length of NTE required for
efficient processing (= 12 residues, Figs. 3.2D and E), we calculated the grand average of
hydropathy (GRAVY) score of the most hydrophobic stretch of amino acids that begins
within 11 residues from the N-terminus (Gasteiger et al., 2005; Kyte and Doolittle, 1982).
The experimentally measured reaction rates fit well to the two-state model (Figs. 3.3E and F,
Methods): the observed rate constants of both the PDF and MAP reactions correlate
negatively with the calculated GRAVY scores for substrates with an N-terminal hydrophobic
TMD/signal sequence, for which the docking equilibrium is unfavorable, but plateau at a
maximum velocity for nascent chains below a threshold GRAVY score, for which the

maximal occupancy of the docked state is achieved. The good agreement with data
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demonstrates hydrophobic contacts of the nascent chain, presumably with the ribosome

surface, as a key determinant that drive the activation of NME reactions.

The ribosomal protein uL23, together with the neighboring uL.29, has been shown to
constitute an interaction site for multiple nascent protein sequences and contains a
hydrophobic cleft on which an emerging TMD can dock (Eisner et al., 2006; Peterson et al.,
2010; Ullers et al., 2003; Wang et al., 2019). The 50 A distance between the ul.23 cleft and
PDF/MAP on the ribosome is also consistent with the threshold length of the NTE (~12-13
residues in an extended conformation) required for efficient enzymatic processing of the
nascent chain N-termini (Figs. S3.4C and D). These observations suggest that ul.23 could
constitute one of the sites on the ribosome that confine the movement of the nascent
polypeptide. To test this possibility, we carried out site-specific crosslinking to test the
docking of the TMD/signal sequence on ul.23, taking advantage of the fact that the vicinity
of the ribosome exit site is free of native cysteines (Wang et al., 2019) (Fig. 3.3G). We
engineered a single cysteine on uL.23 (S21C) and a second cysteine at or near the TMD/signal
sequence of the nascent chain. We observed specific and prominent crosslinks between the
nascent chain and uL23 on RNCs bearing a TMD/signal sequence (Fig. S3.4E, F and Fig.
3.3H), indicating that nascent chains can dock on ulL23 and sample a conformation that
disfavors their enzymatic processing by PDF and MAP. Nevertheless, the efficiency of

crosslink with L23 does not correlate with the NME reaction kinetics, strongly suggesting
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that additional sites surrounding the ribosome exit tunnel contribute to the sequestration of

the nascent chain.

RPBs modulate the accessibility of nascent chains to regulate NME.

At the ribosome tunnel exit, multiple RPBs coordinate for access to the nascent
protein and can potentially regulate NME (Kramer et al., 2019). This includes SRP, which
recognizes N-terminal TMDs and strongly hydrophobic signal sequences to mediate
membrane targeting, and TF, which engages cytosolic proteins and a subset of the secretory
proteome (Ariosa et al., 2015; Kramer et al., 2019). To test this possibility, we measured the
NME reactions on the model RNCrisg and RNCppoa variants in the presence of SRP and TF

(Figs. 3.4A-D).

Although RNCrisq is a bona fide SRP substrate, the presence of SRP affected the
PDF and MAP reactions by less than two fold (Figs. 3.4A and C, blue bars), consistent with
previous results and the efficient cotranslational NME of FtsQ in the cell extract (Yang et al.,
2019) (Fig. 3.1G). With substrates in which the NTE is <12 residues, SRP induced 50 to
>100-fold inhibition of the PDF and MAP reactions, respectively (Figs. 3.4A and C, blue
bars), in agreement with the observations by Ranjan et al. (Ranjan et al., 2017). SRP did not
significantly affect the NME of substrates with weak signal sequences (RNCsas. and
RNCproa). However, reactions on the more strongly hydrophobic RNCsa7. and RNCaast

substrates were slowed ~10- and > 50-fold by SRP, respectively (Figs. 3.4B and D, blue
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bars). The SRP-induced inhibition was not due to weakened binding of the enzymes to the
RNC, as direct binding assays detected a <3-fold effect of SRP on the RNC binding affinity
of PDF or MAP (Figs. 3.4E and F), consistent with previous observations (Bornemann et al.,
2014). These results show that SRP regulates the NME reactions on substrates with an N-
terminal TMD/signal sequence, likely by confining the membrane targeting sequences to its
signal sequence-binding M-domain at the ribosome tunnel exit and thus excluding the access

of the N-termini to PDF and MAP (Jomaa et al., 2016; Schaffitzel et al., 2006).
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Figure 3.4. RPBs regulate the NME reactions primarily by reorienting the nascent

chain.

(A-D) The effect of RPBs (400 nM SRP, 5 uM TF, or both) on the PDF (A, B) and MAP
(C, D) reactions with the FtsQ (A, C) and PhoA nascent chain variants (B, D). Reactions
were carried out as described in Figure 3.2. Daggers indicate that (kca/Km)app 1S < 200 M-
Isl, Statistical tests were carried out on log(kca/Km)app values using unpaired t-tests, where
ok ek* and “**F* represent p < 0.05, 0.01, and 0.001, respectively. (E) and (F) The effect
of RPBs (400 nM SRP or 5 uM TF) on the binding affinity of PDF(E133A) (E) and
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MAP(H79A) (F) for the indicated RNCs. The K4 measurements were carried out as
described in Figs. 3.3B-D. All values are reported as mean = SEM with n > 2.
Unexpectedly, TF accelerated the PDF reactions on substrates with a hydrophobic
N-terminal sequence/TMD by 3-5 fold (Fig. 3.4A-B, FtsQ N8, 3A7L, and 2A8L, green bars).
The RNC binding affinity of PDF and MAP was unaffected or slightly weakened (< 2-fold)
by TF, arguing against facilitated recruitment of the enzymes as the source of the TF-induced
rate enhancement (Fig. 3.4E). Importantly, TF induced cysteine-specific crosslinks between
the signal sequence and an engineered cysteine on uL22 (S30C) (Fig. S3.5), suggesting that
TF brings the nascent chain close to uL22 near the PDF and MAP binding sites (Merz et al.,
2008; Saio et al., 2014). The effects of SRP and TF on the PDF reaction counteract each
other for a substrate with modest hydrophobicity (Figs. 3.4B, 3A7L), whereas the inhibitory
effect of SRP dominates for substrates with strongly hydrophobic N-terminal targeting
signals (Figs. 3.4A, B, FtsQ N8, FtsQ N5, and 2A8L). Thus, the interplay between SRP and

TF on the RNCs enables intricate regulation of NME on a broad spectrum of substrates.

To further dissect the roles of the ribosome surface and RPBs in regulating the NME
efficiency of the model substrates, we leveraged a previously established computational
model (Yang et al., 2019), which uses parametrized PDF and MAP reaction rates on RNC
based on experimental data to numerically calculate the extent of NME of model substrates
during ongoing protein synthesis in cell lysate. This analysis showed that, in the absence of

RPBs, the 2A8L and 3A7L nascent chains underwent ~10% and 20% cotranslational NME,
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respectively, when 300 residues are synthesized (Fig. S3.6A). NME was abolished in the
presence of SRP, while the additional presence of TF allowed ~10% NME on 3A7L (Figs.
S3.6B and C). These results indicate that during continuous protein synthesis, the N-terminal
hydrophobic sequences on nascent proteins is sufficient to suppress their cotranslational

NME, but the presence of SRP and TF leads to more complete inhibition.

Proteins with hydrophobic N-terminal targeting signals are resistant to NME in vivo

To quantitatively measure NME efficiency in vivo, we designed a reporter-based
assay. We constructed an arabinose-inducible bicistronic plasmid, in which the model
substrate and the control protein TrxA are encoded after two separate Shine-Dalgarno
sequences (Fig. 3.5A). The proteins were expressed in E. coli cells, pulse-labeled with 3°S-
Met/Cys, and immunoprecipitated via the C-terminal FLAG tag. All the internal methionine
and cysteine residues on the model substrates were removed such that the radioactive signal
reports on the retention of iMet (Figs. 3.5B, D and F, “iMer” lanes). Wild-type substrates
containing native methionines and cysteines were measured simultaneously (“6M” and
“8M4C” lanes) to control for different expression levels of the model substrates. We first
measured the in vivo NME of full-length FtsQ with varying residues at the second position
(Figs. 3.5B and C). Consistent with the sequence specificity of MAP (Frottin et al., 2006),

the retention of iMet on these substrates strongly correlated with the size of the second
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residue, suggesting that the assay faithfully reports on the NME efficiency of model

substrates in vivo.

To understand the effect of a hydrophobic N-terminal targeting signal on NME in
vivo, we tested the FtsQ variants in which the NTE is systematically truncated. All FtsQ
variants were successfully integrated into the membrane and, except for FtsQ-N5, adopted
the correct Type-II topology, excluding artifacts such as protein misfolding (Figs. S3.7, A-
C). Consistent with the analysis in the reconstituted system and in cell extract, we observed
significant accumulation of iMet on substrates with an early TMD, comparable to the
strongly disfavored NME substrate with lysine at the second residue (Figs. 3.5D and E).
Significant iMet retention was also observed with FtsQ-N8 and FtsQ-N5 in cells lacking
methionyl-tRNA formyltransferase (Afinf), in which deformylation is bypassed for NME,
providing direct evidence for inhibition of the MAP reaction in vivo (Figs. S3.7D and E).
Similarly, we carried out in vivo NME assays on the PhoA signal sequence variants. The
mutation A21L prevents cleavage of the signal sequence by leader peptidase, allowing us to
monitor the N-terminal modification of the substrate (Karamyshev et al., 1998). We observed
increased retention of iMet on 3A7L and 2A8L compared to SASL and PhoA (Figs. 3.5F and
G), in good agreement with our in vitro experiments. Collectively, these results show that a
hydrophobic membrane targeting sequence near the N-terminus of a protein is a strong

inhibitory signal for NME in vivo.
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Figure 3.5. Proteins with an early TMD or hydrophobic signal sequence are resistant

to NME in vivo.

(A) Scheme of the model substrates used in the in vivo NME assay. The protein of interest
(POI) and the control protein TrxA was tagged with a C-terminal 3X FLAG tag and
expressed from a bicistronic plasmid under the control of an arabinose promoter (P.,) and
their respective Shine-Dalgarno sequences (SD1 and SD2). (B) In vivo NME of model
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FtsQ-X2 variants (red arrows), in which the second residue (X2) was mutated to the
indicated amino acids. The substrates were induced in the E. coil strain CAG12184 and
pulse-labeled with 3S-Met/Cys for 10 min, immunoprecipitated, and analyzed by
autoradiography. The signal of the iMet constructs, in which all six internal methionines
were replaced with leucine, indicates the retention of iMet. The signal of the 6M constructs,
which retain the six native methionines, serves as the control for protein expression level.
TrxA (black arrows) serves as the loading control. (C) Quantification of the data in (B) and
their replicates. The iMet signal was divided by the 6M signal to account for variations in
expression level and normalized to that of FtsQ-K2, which completely retains the iMet.
Values are reported as mean + SEM, with n = 3 biological replicates. (D) /n vivo NME of
FtsQ truncation variants, measured as in (B). (E) Quantification of the data in (D) and their
replicates. Values are normalized to FtsQ-K2 and reported as mean + SEM, with n = 3
biological replicates. (F) /n vivo NME of PhoA-A21L variants (red arrows), measured as
described in (B). The 8M4C constructs contain the 8 native methionines and 4 native
cysteines in PhoA and serves as controls for variations in expression levels. The second
residue is alanine in all PhoA variants. (G) Quantification of the data in (F) and their
replicates. Values are normalized to that of 2A8L and reported as mean + SEM, withn =3
biological replicates. (H) Distribution of the hydropathy of the N-terminal sequences in the
E. coli proteome, calculated as in Figs. 3.3G and H. Proteins bearing N-terminal sequences
with GRAVY scores > 2.6 (comparable to or more hydrophobic than FtsQ N8) are colored
in dark gray. (I) Enriched functional annotation terms (Gene Ontology and Uniprot
Keywords) associated with the 426 proteins highlighted in (F).

Based on these in vivo NME measurements and the two-state model derived from in
vitro kinetic analysis, proteins with N-terminal signal sequences comparable to or more
hydrophobic than FtsQ-N8 and 3A7L are anticipated to retain fMet in vivo. We therefore
calculated the GRAVY score of the most hydrophobic segment close to the N-terminus
across the E. coli proteome (Fig. 3.5H), as described for the model substrates in Figs. 3.3E
and F. This analysis predicted that 427 proteins, predominantly composed of inner membrane,

periplasmic, and outer membrane proteins, are subject to this regulation (Fig. 3.5I).

Consistent with our prediction, several studies reported the retention of the formyl group on
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multiple membrane proteins with an early TMD (Bienvenut et al., 2015; Milligan and
Koshland Jr, 1990; Sebald and Wachter, 1980; vonHeijne, 1989). These results strongly
suggest that, despite the promiscuity of PDF, a non-trivial fraction of the proteome retains

fMet, which may provide an embedded regulatory signal on the nascent protein.

3.3. Discussion

NME is a ubiquitous protein modification essential for cell viability and occurs in an
obligatorily cotranslational mechanism. While the structure and enzymology of NME
enzymes have been extensively studied based on peptide substrates and proteomics data,
whether and how this modification is regulated at the ribosome tunnel exit in coordination
with other protein biogenesis pathways remain unclear. Our work here demonstrates that
hydrophobic membrane targeting signals on the nascent protein impose an overriding layer
of regulation on NME in vitro and in vivo. Kinetic analyses combined with crosslinking
experiments suggest the role of hydrophobic interactions between the nascent chain and the
ribosomal surface in driving the activation of the enzymatic reactions. The NME regulation
is further enforced by the targeting factor SRP, exemplifying the active role of the ribosome

in modulating nascent protein biogenesis pathways.

Emerging data show that the ribosome is not only a protein synthesis machine, but
also actively participates in diverse protein biogenesis pathways (Koubek et al., 2021;

Kramer et al., 2019). In addition to providing a platform for the recruitment of multiple RPBs,
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the ribosome interacts with diverse nascent polypeptides both within the exit tunnel and on
the ribosome surface (Cassaignau et al., 2021; Cruz-Vera et al., 2005; Eisner et al., 2006;
Guzman-Luna et al., 2021; Peterson et al., 2010; Ullers et al., 2003; Valent et al., 1995;
Waudby et al., 2019). These interactions can regulate the rate of translation elongation as
well as cotranslational protein folding (Cassaignau et al., 2021; Kaiser et al., 2011; Lu and
Deutsch, 2008; Thommen et al., 2017; Waudby et al., 2019). Here, our results suggest that
hydrophobic interaction of the nascent protein with the ribosome surface could also regulate
their N-terminal modification. While the ribosome surface is mostly acidic, multiple proteins
including ul.23, ulL.29, ulL.24, and bL.17/bL32 (Fedyukina et al., 2014; Guzman-Luna et al.,
2021) present contiguous hydrophobic surfaces that could provide docking sites for signal
sequence or TMDs ((Guzman-Luna et al., 2021) and this work), which sequester the nascent
chain N-terminus from access by the NME enzymes. Moreover, the ribosome can interact
with nascent chains via electrostatic and metal ion-mediated interactions (Cassaignau et al.,
2021; Guzman-Luna et al., 2021; Kaiser et al., 2011). Recent studies showed that interaction
of the ribosome surface with the nascent chain of phosphorylated insulin receptor (PIR) and
a-synuclein clusters to a specific region near the tunnel exit, where uL23 and ul.29 are
located (Cassaignau et al., 2021; Deckert et al., 2021). Whether these interactions confine
the conformation of other classes of nascent chains and whether such confinement influences

their NME remain to be explored.
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Together with previous studies, our work here explains how PDF and MAP
coordinate with other RPBs at the crowded ribosome exit site. First, interaction with the
ribosome dominates the binding affinity of PDF and MAP. The binding of either enzyme to
the RNC is not significantly stabilized by the nascent polypeptide (this work), nor affected
more than 3-fold by SRP or TF (Figs. 3.4E and F). Reciprocally, TF or SRP binding to the
ribosome is weakened <2-fold by physiological amount of PDF and unaffected by MAP
(Bornemann et al., 2014; Sandikci et al., 2013). These results are consistent with structural
studies showing that the NME enzymes can flexibly adopt alternative binding modes on the
ribosome in response to SRP and TF binding (Akbar et al., 2021; Bhakta et al., 2019;
Bornemann et al., 2014; Sandikci et al., 2013). Coupled with their high ribosome association
and dissociation rates, both enzymes can rapidly scan a variety of translating ribosomes for
substrates (Sandikei et al., 2013; Yang et al., 2019). Secondly, efficient NME initiates for
nascent chains as short as 45 amino acids (Sandikei et al., 2013; Yang et al., 2019), and the
irreversible chemical steps of the PDF and MAP reactions are rapid for an optimal N-
terminus (kea: > 200 s! for PDF and >30 s! for MAP (Ragusa et al., 1998; Yang et al., 2019)).
Thus, the action of the NME enzymes on optimal substrates are kinetically privileged
compared to the other RPBs. Notably, although physiological concentrations of SRP reduced
the rates of the PDF and MAP reactions on RNCrisqoni2 by ~20 fold, FtsQ-N12 underwent
efficient NME in the extract and in vivo, likely reflecting this kinetic privilege. Finally, NME

of suboptimal substrates is further restricted to a limited time window during translation.
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Nascent chains with large side chains at the second residue are inhibited by SRP and TF at
nascent chain lengths below 67 residues and above 82 residues (Yang et al., 2019). Proteins
with an early TMD or signal sequence are targeted to the plasma membrane as soon as their
membrane targeting motifs emerge from the ribosome, and are thus quickly removed from

access by the NME enzymes (this work).

Our results indicate that other RPBs could regulate NME by tuning the accessibility
of the nascent chain N-termini to the enzyme. SRP, with an M-domain that engages
hydrophobic signal sequences/TMDs at the ribosome tunnel exit, restricts the sampling of
the nascent chain, such that only membrane proteins with a long extension preceding the
TMD efficiently undergo NME. TF, which forms a cradle to protect patches of hydrophobic
amino acids on an elongating nascent protein, brings the nascent chain near the PDF/MAP
docking site on the ribosome and could modestly stimulate NME. The two RPBs counteract
one another, but SRP dominates on substrates with strongly hydrophobic membrane
targeting signals, reflecting the specificity of this targeting factor (Ariosa et al., 2015).
Moreover, regulation of NME by RPBs is substrate- and nascent chain length-dependent.
While TF enhances the PDF reaction on substrates with N-terminal targeting signals, it
inhibits NME on cytosolic proteins and unstructured nascent chains beyond the optimal
length, suggesting its versatile role in modulating nascent protein modification (Oh et al.,
2011; Sandikei et al., 2013; Yang et al., 2019). In addition to SRP and TF, SecA and DnaK

also interact with hydrophobic nascent polypeptides (Deuerling et al., 1999; Huber et al.,
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2017). However, stable binding of SecA to RNCs requires the synthesis of >100 residues
(Huber et al., 2017), including the periplasmic domain of RodZ, a membrane protein that
depends on SecA for its cotranslational targeting (Wang et al., 2017). DnaK does not bind to
the ribosome and is generally considered to act downstream of TF during protein synthesis
(Deuerling et al., 2003). Considering their late engagement during protein maturation, SecA
and DnaK are unlikely to significantly affect the NME reactions and their regulation by SRP

and TF under physiological conditions.

Our results here, together with previous work, provide a more complete model for
how the NME enzymes mediate efficient and selective cotranslational processing of a large
fraction of the bacterial proteome (Fig. 3.6). Although both PDF and MAP are sub-
stoichiometric to translating ribosomes in cells (Meinnel et al., 1993), their rapid ribosome
binding and dissociation rates enable these enzymes to scan translating ribosomes for the
emerging nascent polypeptide (Step 1) ((Bornemann et al., 2014; Sandikci et al., 2013; Yang
et al., 2019) and this work). Ribosome binding greatly increases the effective enzyme
concentration with respect to the nascent protein, enabling rapid processing of optimal
substrates. On the other hand, the interaction of nascent proteins with the ribosome surface
regulates the flexibility of the nascent chain and its ability to search for and access the enzyme
active site. Cytosolic proteins and secretory proteins with weakly hydrophobic signal
sequences can readily dock at the enzyme active site, where the nascent protein is

deformylated by PDF (Step 2) followed by excision of iMet if the second residue is small
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(Step 3). In contrast, an early TMD or hydrophobic signal sequence confines the nascent
chain on the ribosome surface at a site away from the enzymes, such as on uL23, and inhibits
their access to and processing by both enzymes (Step 4). Recruitment of SRP, which engages
the signal sequence/TMD in the M-domain at the ribosome tunnel exit, further precludes the
N-termini from reaching the enzyme active sites (Step 5). Together, these effects lead to the

retention of fMet on a significant fraction of the membrane and secretory proteome (Step 6).
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Figure 3.6. Model for the regulation of NME by interaction of the nascent chain with
the ribosome surface and with SRP.

PDF and MAP rapidly scan translating ribosomes for emerging nascent proteins (Step 1).
Proteins without strongly hydrophobic sequences freely access the enzyme active site,
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allowing efficient processing by PDF (Step 2) and MAP (Step 3) given a small penultimate
residue. On the other hand, an N-terminal TMD or hydrophobic signal sequence interacts
with the ribosome surface and is precluded from reaching the NME enzymes (Step 4),
which is exacerbated by SRP (Step 5). The NME inhibition leads to fMet retention on a
significant fraction of the membrane and secretory proteome (Step 6), and may potentially
enable their quality control in case of failed translocation (Step 7).

The function of fMet retention remains an outstanding question. The significant
enrichment of membrane and secretory proteins in the NME-inhibited proteome suggests
potential roles of fMet in the biogenesis and/or quality control of these proteins. Diverse roles
in the folding, assembly, and quality control of proteins have been described for N-terminal
acetylation, a modification that is chemically similar to the formyl group (Aksnes et al., 2019;
Fauvet et al., 2012; Hwang et al., 2010; Scott et al., 2011). Previous studies also suggested
that fMet can serve as a degradation signal for bacterial and yeast proteins (Kim et al., 2018;
Piatkov et al., 2015). Although not yet identified, the protease responsible for the fMet/N-
degron pathway in bacteria resides in the cytoplasm or on the inner membrane and was
proposed to be FtsH, a membrane-embedded AAA+ protease facing toward the cytoplasm
(Piatkov et al., 2015). It is plausible that fMet enables the degradation of membrane/secretory
proteins that fail in targeting and/or translocation (Fig. 3.6, Step 7). While membrane proteins
with long and flexible terminus can be recognized and degraded readily (Chiba et al., 2000,
2002), the retention of fMet on proteins with an early signal sequence or TMD may provide

an alternative recognition signal for quality control pathways and facilitate the clearance of

mislocalized proteins.
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3.4. Materials and Methods

Cotranslational NME assay

The POI-N sequences and TrxA were cloned into the pK7-derived plasmids using
Gibson cloning and Fastcloning techniques to generate the pK7-POI-TrxA plasmids (Gibson
et al., 2009; Jewett and Swartz, 2004; Li et al., 2011; Yang et al., 2019). All internal
methionine residues and the second residue of each POI-N were replaced with alanine. DNA
fragments encoding the T7 promoter, T7 terminator and the model substrates were PCR-
amplified from pK7-POI-TrxA, transcribed, and translated in vitro in E. coli S30 extracts
containing *>S-methionine as described (Yang et al., 2019), and analyzed by SDS-PAGE and

autoradiography. Where indicated, the control reactions contained 5 uM actinonin (ACT).

Cotranslational NME efficiency is quantified as (1 - ;‘Ai) X 100%, where I indicates the
+ACT

338 signal from the substrate.
Cotranslational deformylation assay

A Strep tag was introduced to the C-terminus of thioredoxin in the pK7-POI-TrxA
constructs for the indicated model substrates to generate the pK7-POI-TrxA-Strep plasmids.
The substrates were translated as described for the cotranslational NME assay and
immunoprecipitated using Strep-tactin Sepharose resin. Purified substrates were digested

with proteinase K (1 mg/mL, 37 °C, overnight), and radioactive Met and fMet were analyzed
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by thin-layer chromatography (Millipore Silica gel 60, n-butanol: acetic acid: water = 5: 3:

2) and autoradiography (Ranjan et al., 2017). Cotranslational deformylation efficiency is

I_acT
1 — ZZACT

- ) X 100%, where I indicates the S signal from the fMet species.
+ACT

quantified as (

Protein expression and purification

Wild-type PDF, MAP, MAP-H79A, SRP, and TF were expressed and purified as

described (Agashe et al., 2004; Peluso et al., 2001; Yang et al., 2019).

To construct the expression plasmid for PDF-E133A, an 11-residue ybbR tag was
fused to the protein coding sequence, and subcloned into pET28a vector containing a
cleavable N-terminal Hiss-SUMO tag (Yin et al., 2005). To express PDF-E133A, BL21 star
(DE3) cells were induced at OD = 0.6 with 0.5 mM IPTG at 30 °C for 3 h, and lysed by
sonication in buffer A (20 mM Hepes-KOH, 300 mM NacCl, 0.2 mM CoCl,, 10% glycerol,
1 mM TCEP, pH 7.5) containing protease inhibitor cocktail (GoldBio). Clarified lysates were
purified with Ni-NTA resin, and the Hise-SUMO tag was removed by overnight dialysis in
the presence of Hise-Ulp1l protease against buffer B (20 mM Hepes-KOH, 20 mM NaCl,
10% glycerol, pH 7.5). Tag-less proteins were further purified over a Ni-NTA column,
supplemented with 100 mM NaCl, 0.2 mM CoCl,, 1 mM TCEP, and 50% glycerol, and

stored in —30 °C.

Fluorescence labeling
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MAP-H79A containing a C-terminal GLPATGG tag was labeled with TMR
(Invitrogen) via sortase-mediated reactions as described (Guimaraes et al., 2013; Yang et al.,

2019).

PDF-E133A was labeled with TMR at the N-terminus using Sfp-mediated reaction
(Yin et al., 2005). The labeling reaction was carried out in Sfp buffer (50 mM Hepes-KOH,
10 mM MgCl, pH 7.5) containing 50 uM PDF-E133A, 10 uM Hise-tagged Sfp and 50 uM
CoA-TMR conjugates, and incubated at room temperature for 1 h. The reaction mixture was
passed through TALON resin to remove Sfp. Excess dye conjugates were removed using a

PD-10 column (GE). Labeling efficiency was ~ 80%.

RNC purification

RNCs for enzymatic reactions. Radiolabeled RNCs were generated and purified as
described previously (Yang et al., 2019). Briefly, the DNA templates were in vitro translated
in E. coli S30 extracts containing *>S-methionine and 5 uM actinonin. The reaction mix was
purified through 10-50% sucrose gradient fractionation centrifugation in a SW32 rotor

(Beckmann Coulter, 23,000 rpm, 15 h, 4 °C) and the 70S fractions were collected.

RNC:s for Nascent chain-MAP docking. Coumarin-labeled RNCs were generated via
the amber suppression technique by in vitro translating the DNA templates in S30 extracts

of an E. coli strain KC6 expressing tRNAcua in the presence of 220 uM L-(7-
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hydroxycoumarin-4-yl)ethylglycine (Cm), 12 uM purified Cm tRNA synthetase and 5 uM
actinonin, as described (Saraogi et al., 2011). 70S ribosomes were isolated via sucrose

gradient fractionation as described above.

RNC:s for the fluorescence binding assay. The coding sequence for human ubiquitin,
UBAS52, was subcloned from pHUE (Catanzariti et al., 2004) and inserted between a 3X
Strep tag and the nascent chain sequence on pK7-derived plasmids via Gibson cloning. An
8-residue Ms-supl stalling sequence was placed at the C-terminus of the nascent chain
sequence (Yap and Bernstein, 2009). DNA templates were in vitro translated in S30 extracts
from the E. coli strain containing a ybbR tag at the C-terminus of bL17 (KC6 ArplQ::kan
pL17ywbr), and the reactions were loaded on a Strep-tactin column. Purified RNCs were
labeled with BODIPY-FL (Invitrogen) in reactions containing 1 pM RNC, 4 uM Sfp, and 4
uM BODIPY-FL-CoA at room temperature for 2 h. The reactions also contained 1 pM
deubiquitinylating enzyme (Usp2-cc) (Catanzariti et al., 2004) to remove the 3X Strep-
ubiquitin moiety and expose the methionine on the nascent chain. Labeled RNCs were

further purified through a sucrose cushion centrifugation.

RNCs for the crosslinking assay. The plasmids for RNCs used in the crosslinking
assay were constructed by placing the nascent chain sequences between an N-terminal 3X
Strep tag and a C-terminal SecM stall sequence in pK7-derived plasmids. Cysteine mutations

were placed at the end of the signal sequences for the PhoA variants (T16C), in the middle
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of the TMD for FtsQ N8 (T14C), and in the middle of the signal sequence of DsbA (G15C)
via site-directed mutagenesis. The DNA templates were in vitro translated in S30 extracts
from the E. coli strains carrying a cysteine mutation at uL22 (KC6 ArplV::kan pL22s30c) or

ul.23 (KC6 ArplW::kan pL23s21c), and the RNCs were purified via Strep-tactin resin.

To generate E. coli strains KC6 ArplQ::kan pL17ypbr, KC6 ArplV::kan pL22s30c and
KC6 ArplW::kan pL23s21c, the strain KC6 (Calhoun and Swartz, 2006) was transformed
with the plasmid pEK20 encoding C-terminal ybbR-tagged bL17, ulL22-S30C, or ulL23-
S21C. The respective genomic ribosomal protein genes were subsequently knocked out via

lambda-red recombination (Datsenko and Wanner, 2000; Wang et al., 2019).

Enzymatic assays on purified RNC.

Deformylation assay. The measurements were carried out manually or using an
RQF-3 Quench-flow instrument (KinTek) as described previously (Yang et al., 2019). The
reaction was initiated by mixing 20 nM *>S-labeled RNC with an equal volume of PDF at
sub-saturating concentrations in assay buffer (50 mM Hepes-KOH, 150 mM KOAc, 10 mM
Mg(OAc),, 0.1 mM CoCly, and 1 mM TCEP, pH 7.5), and quenched with an excess amount
of ACT at specific time points. Excess MAP was added subsequently to release deformylated
methionine, which remains soluble after treatment with 15% trichloroacetic acid (TCA). The
mixture was centrifuged, and the TCA-soluble 3S-Met signal in the supernatant was

quantified by scintillation counting.
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Methionine cleavage assay. Measurements were carried out as described previously
(Yang et al., 2019). Briefly, 20 nM of *3S-labeled RNC was first deformylated by incubation
with 100 nM PDF. The reaction was initiated by adding equal volume of MAP at sub-
saturating concentrations and quenched with 15% TCA at specific time points. The released

35S-Met was quantified as described above and previously (Yang et al., 2019).

The amount of released methionine in the deformylation and methionine cleavage

assays was normalized to the total amount of nascent chains and fit to Eq. 1,

[Met]
[RNC],

= C(1 — e ¥obst)
Eq. 1

where kobs 1 the observed rate constant, and C is the maximum fraction of RNC that can be
processed. The kons was then divided by the enzyme concentration used during the reaction

to obtain an apparent Kca/Km value.

Fluorescence measurements

All fluorescence measurements were performed on Fluorolog-3 (HORIBA).

Equilibrium titrations to measure ribosome-PDF and ribosome-MAP binding. The
measurement was carried out with 10 nM BODIPY-labeled RNC in assay buffer with 1

mg/mL BSA to prevent nonspecific binding. Increasing amount of TMR-labeled PDF-
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E133A or MAP-H79A was added into the reaction, and the fluorescence emission at 515 nm
was recorded at the excitation wavelength of 485 nm. The FRET efficiency was calculated

according to Eq. 2,

F
FRET =1 ——22
Fp Eq.2
where Fpa and Fp are the fluorescence signals with and without the acceptor, respectively,

after corrections for dilution and environmental sensitivity using parallel titrations with

unlabeled PDF-E133A or MAP-H79A.

The FRET efficiency was fit to the Michaelis-Menten equation (Eq. 3),

[E]

FRET = A X ———
Ky + [E] Eq.3

where A denotes the FRET efficiency at saturated condition, [E] is the concentration of PDF-
E133A or MAP-H79A, and Ky is the dissociation constant between the RNC and PDF or

MAP.

Nascent chain-MAP docking. The experiment was carried out using Cm-labeled

RNCrisq and RNCrisqns as described previously (Yang et al., 2019). Briefly, 10 nM of RNC
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and indicated amount of MAP-H79A were mixed, and the emission spectrum was recorded

at the excitation wavelength of 360 nm.
Crosslinking assays

500 nM RNC:s carrying Cys mutations were reduced in crosslinking buffer (50 mM
Hepes-KOH, 150 mM KOAc, 10 mM Mg(OAc),, pH 7.0) with 5 mM TCEP at room
temperature for 30 min, followed by incubation with 0.8 mM 1,4-bis(maleimido)butane
(BMB) or 1,4-bis(maleimido)hexane (BMH) for 1 h. The reaction was quenched with 50
mM DTT, and analyzed by Western blot using indicated antibodies. Anti-Strep and anti-HA
were purchased from Genscript and anti-uL23 was customized from Genscript as previously

described (Wang et al., 2019).
Two-state model

Considering a two-state model (depicted in Fig. 3.3A), in which the active and

inactive states are rapidly exchanging before proceeding to the irreversible chemistry step,

] . Kaock i kc
inactive = active — product Eq. 4

The free energy change (AG) between the inactive and active states is driven by the
hydrophobic interaction between the nascent chain N-terminus and uL23, and thus related to

the hydropathy (®) of the N-terminus,
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AG =AGy+a-® Eq.5

where AGo describes the intrinsic free energy term independent of N-terminus hydropathy,
and a is a constant of proportionality. The observed rate constant (kobs) is proportional to the

fraction of the active state and can be described by Eq. 6,

1 kinax
kobs = Kmax X AG AG, a-®
1+e kT 1+ e kI kT Eq. 6

where kmax denotes the maximal rate constant when the active fraction approaches unity, k is

the Boltzmann constant, and T is the temperature in the kelvin scale.

To define ®, we used the Kyte and Doolittle scale (Kyte and Doolittle, 1982) to
calculate the grand average of hydropathy (GRAVY) and searched with an 11-residue rolling
window from the N-terminus of the nascent chain, given that the hydrophobic cleft on uL23
can accommodate a helical peptide of 11-13 residues (Wang et al., 2019). Based on the
distance between the cleft and the enzyme active sites (Figs. S3.4C and D), the GRAVY
score of the most hydrophobic segment that begins at or before the 11" residue from iMet
was plotted against the observed rate constant of the PDF or MAP reaction, and fit to Eq. 6

(Figs. 3.3E and F).

Simulation for cotranslational NME
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Numerical simulations of cotranslational NME under single turnover conditions were
carried out as described previously (Yang et al., 2019). This model considers sequential PDF
and MAP reactions during protein translation in S30 lysates, in which the concentration of
ribosome is in excess of actively translated nascent proteins. The irreversible pseudo-first
order rate constants for PDF and MAP reactions are defined as (Kcat/Km)app % [enzyme]fee,
where [PDF]gec = 130 nM and [MAP]gree = 63 nM. (kca/Km)app values for RNCs below 45 aa
are set to zero, and those longer than 69 aa are set to the measured rate constants in Figs. 3.3
and 3.4. Values of (kca/Km)app between 45 and 69 aa are linearly interpolated from

experimental data. The translation elongation rate is set to 2 aa/s.

In vivo NME assay

DNA fragments encoding full-length FtsQ and PhoA were amplified from E. coli
genomic DNA, appended with a C-terminal 3X FLAG tag, and integrated into pPBAD/His C
(Invitrogen) under control of the arabinose promoter (Guzman et al., 1995) via Gibson
cloning. A second open reading frame (ORF) encoding thioredoxin with a C-terminal 3X
FLAG tag was cloned downstream. Both the FtsQ/PhoA and thioredoxin ORFs are preceded
by a Shine-Dalgarno sequence in the 5’UTR. The iMet constructs for the FtsQ variants
contain the mutations M137L, M159L, M177L, M180L, M193L, and M217V. The iMet
constructs for PhoA variants contain the mutations M26L, M75L, M157A, M286L, M324L,

M420L, M422L, M464L, C190S, C200S, C308S, and C358S.
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Plasmids were transformed into the E. coli strain CAG12184 (A-rph-1 tolC210::Tn10
(tet)) or KPS73 (A-rph-1 t0/C210::Tn10 (tet) Afmt ::Km) (Piatkov et al., 2015; Singer et al.,
1989). Cells were grown in Luria-Bertani medium containing 0.2% glucose and 100 pg/mL
ampicillin at 37 °C until OD = 0.5-0.7, washed and resuspended to OD = 0.05 in pre-
induction medium (M9 medium containing 0.5% glycerol, 0.2% glucose, 100 pg/mL
ampicillin and 40 pg/mL of 20 amino acids except methionine), and grown to OD = 0.5.
Cells were collected, washed three times with prewarmed induction medium (M9 medium
containing 0.5% glycerol and 40 pg/mL of 20 amino acids except methionine and cysteine),
and resuspended with induction medium corresponding to 1/20 volume of the cell culture.
Cells were induced with 0.02% arabinose at 37 °C for 30 min, labeled with 200 uCi/mL 3>S-
Met/Cys EasyTag mix (PerkinElmer) for 10 min, and flash-frozen in liquid nitrogen. The
frozen cells were thawed, spun down, and lysed in 25 pL lysis buffer (50 mM Tris-HCI, 150
mM NaCl, 2 mM DTT, 5 mM EDTA, 4% SDS, pH 8.0) containing 1X protease inhibitor at
95 °C for 10 min. The lysates were diluted with 500 pL IP buffer (50 mM Tris-HCI, 150 mM
NaCl, 5 mM EDTA, 1% Triton X-100, pH 8.0), incubated at room temperature for 10 min,
and centrifuged at 12,000 x g for 5 min. Clarified lysates were further diluted with 500 uL
TBS (50 mM Tris-HCI, 150 mM NaCl, pH 8.0) and incubated with 10 pL Anti-FLAG M2
magnetic beads (Sigma-Aldrich) at 4 °C for 1.5 h with rotation. The beads were washed twice
with IP buffer and once with TBS, and the FLAG-tagged proteins were eluted by incubating

the beads with 25 pL 2X SDS sample buffer at 95 °C for 10 min. The radioactive signals
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were subsequently analyzed by SDS-PAGE and autoradiography. To calculate iMet
retention, the substrate/TrxA signal ratio from the iMet construct was divided by that of the
corresponding 6M or 8M4C construct, and normalized to the value of FtsQ K2 or 2A8L in

each experiment.

Cell fractionation

CAGI12184 cells expressing the FtsQ variants were harvested and fractionated as
described previously (Wang et al., 2017). In brief, cells were subject to osmotic shock and
lysozyme treatment to release the periplasm, and the spheroplasts were further lysed by
freeze-thaw cycles in liquid nitrogen. The lysates were centrifuged in a TLA120.1 rotor
(Beckmann Coulter) at 63,000 rpm for 1 h to separate the membrane and cytoplasm. The
cellular localization of the FtsQ variants was determined by Western blot of the different

fractions using anti-FLAG antibody (Genscript).

Proteinase K protection assay

Spheroplasts prepared as described above were resuspended in Buffer PK (100 mM
Tris-HCI, 20% sucrose, 20 mM MgSOs, pH 8.0). 0.5 mg/mL of proteinase K was added into
the reaction and incubated on ice for 1h with or without 1% of Triton X-100 as control. The
reaction was stopped by adding 5 mM PMSF, and analyzed by Western blot using anti-

FLAG antibody.
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Figure S3.1. Cotranslational NME of model substrates in cell extracts.

(A) Scheme of the POI-N used to screen for molecular features that regulate NME.
Hydrophobic cores of the signal sequence or TMDs are colored in dark green. (B)
Representative SDS-PAGE autoradiography for the cotranslational NME of the model
substrates in (A). Red arrows indicate the substrate of interest, and black arrows indicate
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the loading control. Reactions with actinonin (ACT, 5uM) provided controls for the iMet
signal from the substrates without NME. (C) Cotranslational NME efficiency of the
indicated substrates, determined by the reduction of the iMet signal in the reactions without
ACT relative to that in ACT-containing reactions. (D) Scheme of the model substrates used
to analyze the formylation state. A Strep tag was appended C-terminally to the reporter
proteins depicted in Fig. 3.1B for immunoprecipitation. (E) Representative TLC analysis
to quantify the fMet and Met on the substrates. The substrate proteins were translated in E.
coli S30 lysates containing *>S-Met, immunoprecipitated via the Strep tag, and digested by
Proteinase K. fMet and Met were separated by TLC and quantified by autoradiography. (F)
Summary of cotranslational deformylation and NME of the indicated substrates.
Deformylation was determined by the reduction of the fMet signal in the “~ACT” samples

relative to the “+ACT” samples, and NME was determined as in Figs. 3.1E, H and S3.1C.
Values are reported as mean = SEM with n > 3.
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Figure S3.2. Secondary structure of the nascent chain is insufficient to explain the
NME inhibition by an N-terminal membrane targeting signal.

Prediction of helical propensity using the AGADIR algorithm (Mufioz and Serrano, 1995)
for the first 32 residues of FtsQ variants and first 34 residues of PhoA variants,
corresponding to the exposed nascent chain sequence of the respective RNC in Fig. 3.2.
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Figure S3.3. FRET assay to measure the binding between the ribosome and PDF or
MAP.

(A) Fluorescence emission spectra of 10 nM BDP-labeled RNCrq in the absence (black)
and presence of 4 uM TMR-labeled (blue, indicated by ‘*’) or unlabeled (green)
PDF(E133A). Incubation of BDP-RNCrisq with TMR-PDF(E133A) induced FRET,
whereas unlabeled PDF(E133A) modestly reduced the donor fluorescence intensity due to
environmental sensitivity. The fluorescence emission spectrum of 4 uM TMR-PDF(E133A)
is shown in orange. (B) Fluorescence emission spectra of 10 nM BDP-RNCrq in the
absence (black) or presence of 1 puM TMR-labeled (blue) or unlabeled (green)
MAP(H79A). The FRET signal between BDP-RNCrisq and TMR-MAP(H79A) can be
chased by unlabeled MAP(H79A) (2.5 uM, magenta). The fluorescence emission spectrum
of 1 uM TMR-MAP(H79A) is shown in orange.
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Figure S3.4. Interaction with the ribosomal surface prevents the nascent chain from
accessing PDF and MAP.

(A) and (B) Fluorescence assay to report on the local environment of the nascent chain N-
terminus. L-(7-hydroxycoumarin-4-yl)ethylglycine (Cm) was incorporated at the fifth
position of the FtsQ (A) and FtsQ-N8 (B) nascent chains during translation. Purified RNC
was incubated with the indicated amount of MAP(H79A). The enhancement in the
fluorescence intensity of RNCrisq®™ upon the addition of MAP(H79A) (A) reports on
docking of the nascent chain N-terminus at the MAP active site (Yang et al., 2019); this
fluorescence change is not observed with RNCrisqns“™ in (B). (C) and (D) Models of PDF
(C, magenta) or MAP (D, blue) bound to an RNC with an emerging TMD (green), viewed
from the ribosome tunnel exit (star). The models were generated by overlaying the 70S
structures of an RNC bearing the nascent chain of a membrane protein RodZ (PDB-6S0K)
and the PDF-bound (EMD-9750) or MAP-bound (EMD-9752) ribosome using UCSF
Chimera. The Coulombic surface potential of ulL23 and uL29 were generated using

Chimera, and colored as indicated in units of kcal-mol!-e'at 298K, where e denotes the

charge of a proton. The distances from the N-terminus of the TMD to the active site of PDF
and MAP (dashed lines) are 48 A and 54 A, respectively. (E) Representative western blot
for the crosslink between RNCaag and ul23. RNCasy variants with or without the
indicated cysteine mutations were incubated in the presence or absence of 0.4 mM
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bismaleimidohexane (BMH). Crosslinked product (red arrows) was detected with anti-
Strep (for nascent chain) and anti-L23 antibodies. Asterisks, non-specific bands detected
by the anti-uL23 antibody. (F) Representative SDS-PAGE and autoradiograph of the
crosslink between RNCzagL and ulL23 for nascent chains with or without the N-terminal
3X Strep tag. RNCaasL was generated by in vitro translation in S30 extract in the presence
of 3°S-Met, purified via sucrose gradient fractionation, incubated with indicated amount of
BMH, and analyzed by autoradiography. The crosslinked product (red arrow) was
independent of the presence of the Strep tag.
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Figure S3.5. TF reorients the nascent chains.

(A) Scheme of the RNCs used to detect the proximity of the nascent chains to uL22. The
mutation S30C and a C-terminal HA tag were genetically introduced into uL22, and a
cysteine was placed near the signal sequence (dark green) of the model substrates, as
detailed in Methods. (B) Crosslinking between the indicated nascent chains and uL.22. The
RNCs (500 nM) were incubated with or without 1.6 mM 1,4-bismaleimidohexane (BMH)
in the absence or presence of 500 nM SRP, 10 uM TF or 1 uM SecA, and analyzed by
Western blot analysis using anti-Strep (for nascent chain) and anti-HA (for ulL22)
antibodies. The crosslinked products between the nascent chain and ul22 (red arrows)
were only detected in the presence of TF. M: molecular weight marker.
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Figure S3.6. Kinetic simulation of the cotranslational NME of PhoA variants.

The cumulative fraction of the indicated model nascent chains successfully processed by
both PDF and MAP during ongoing translation were calculated using the numerical
integration method (Yang et al., 2019) in the absence of RPBs (A), in the presence of SRP
(B), and with both SRP and TF present (C). The calculations were carried out under the
following assumptions: (i) NME initiates after 45 aa of the nascent chain are translated. (ii)
The kca/Kn values of the PDF and MAP reactions increase linearly to the experimentally
measured values in Figs. 3.4B and D as the nascent chain elongates from 45 to 69 aa, and
remain constant thereafter.
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Figure S3.7. Additional data for in vivo NME of FtsQ variants.

(A) Cellular localization of the indicated FtsQ variants. Cells expressing the model
substrates and the control protein TrxA from the constructs described in Fig. 3.5A were
collected, lysed, and fractionated as described in Methods. The sub-cellular fractions were



112

analyzed by Western blotting with anti-FLAG antibody. T: total lysate; P: periplasm; C:
cytoplasm; M: membrane. (B) Topology of the indicated FtsQ variants. Spheroplasts were
prepared from cells expressing the model substrates, treated with proteinase K (ProtK) in
the presence or absence of Triton X-100, and analyzed by Western blotting with anti-FLAG
antibody. (C) Quantification of the remaining protein signals after the ProtK treatment in
(B). The C-terminal FLAG tag on cytosolic TrxA was resistant to ProtK, whereas those on
FtsQ-6M, FtsQ N12-iMet and FtsQ N8-iMet were susceptible to ProtK cleavage, consistent
with the N-in-C-out topology. (D) In vivo NME of the FtsQ NTE truncation variants in the
Afmt strain (KPS73), measured as described in Fig. 3.5B. (E) Quantification of the data in
(D) and replicates. Values are normalized to FtsQ-K2 and reported as mean + SEM, with
n = 2 biological replicates.
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Chapter 4

SYSTEM-WIDE ANALYSES REVEAL ESSENTIAL ROLES OF N-
TERMINAL PROTEIN MODIFICATION IN BACTERIAL

PHYSIOLOGY

A version of this chapter was first published as: Yang, C.-I1., Zhu, Z., Jones, J.,
Lomenick, B., Chou, T.-F., Shan, S.-0. (2022). “System-wide analyses reveal essential roles
of N-terminal protein modification in bacterial membrane integrity” In: iScience, Accepted.

Removal of the N-terminal formyl group on nascent proteins by peptide deformylase
(PDF) is the most prevalent protein modification in bacteria that impacts over 90% of the
proteome. PDF is essential and a critical target of antibiotic development; however, its role
in bacterial physiology remains a long-standing question. In this work, we used time-resolved
analyses of the E. coli translatome and proteome to investigate the consequences of PDF
inhibition. Inactivation of PDF results in the rapid activation of cellular stress responses,
especially those associated with protein misfolding and membrane defects, followed by a
global downregulation of metabolic pathways. Functional assays reveal the rapid
hyperpolarization of the plasma membrane and impaired membrane integrity upon PDF

inhibition, suggesting that disruption of plasma membrane is the most immediate and
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primary consequence of formyl group retention on nascent proteins. Our work resolves the
physiological function of a ubiquitous N-terminal protein modification and uncovers its

crucial role in maintaining the structure and function of the bacterial membrane.

4.1. Introduction

The synthesis of all bacterial proteins initiates with formylated methionine (fMet)
(Adams and Capecchi, 1966; Gualerzi and Pon, 1990). After translation initiation, the formyl
group on nascent polypeptides can be removed cotranslationally by peptide deformylase
(Adams, 1968; Giglione et al., 2004) (PDF, encoded by the def gene in E. coli). PDF is a
promiscuous enzyme with limited specificity and impacts up to 90% of the proteome,
rendering deformylation the most prevalent N-terminal modification in bacteria (Adams,
1968; Bienvenut et al., 2015; Meinnel et al., 1993; Ragusa et al., 1999). Consistent with its
ubiquitous activity, deformylation is an essential process in bacteria, evidenced by the
lethality of def knockout (Mazel et al., 1994). As a result, PDF has been a prominent target
for developing efficient and specific antibiotics (Giglione et al., 2000). Despite the early
discovery and importance of PDF, why it is essential for bacterial survival is unknown.
Methionyl-tRNA formyltransferase (MTF, encoded by the fint gene), which delivers the
formyl group to methionine, improves the efficiency and specificity of translation initiation
but is dispensable (Antoun et al., 2006; Guillon et al.,, 1992; Sundari et al., 1976).

Interestingly, the additional knockout of fimt rescues the growth of Adef cells (Margolis et al.,
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2000; Mazel et al., 1994). Analogously, mutations in genes involved in the generation of
fMet-tRNAMet confer resistance to PDF inhibitors (Duroc et al., 2009). These observations

indicate that the retention of fMet on proteins is detrimental to cells.

How PDF activity affects protein function and cellular processes remains largely
unknown. Traditionally, the requirement for PDF is attributed to another essential enzyme,
methionine aminopeptidase (MAP, encoded by map gene) (Ben-Bassat et al., 1987; Giglione
etal., 2000), which catalyzes N-terminal methionine excision (NME) after the action of PDF
on ~50% of bacterial proteins (Frottin et al., 2006; Hirel et al., 1989; Solbiati et al., 1999).
MAP is universally conserved and plays crucial roles in multiple cellular processes in higher
eukaryotic organisms, including angiogenesis, cell cycle, translation, and glutathione
metabolism (Frottin et al., 2009; Fujii et al., 2018; Giglione et al., 2004; Griffith et al., 1998;
Hu et al., 2006). In bacteria, MAP is required for cell viability (Chang et al., 1989), but its
role in bacterial physiology is equally elusive. Multiple hypotheses have been proposed to
explain the essentiality of MAP (Giglione et al., 2004, 2015; Meinnel et al., 1993). First,
MAP may be involved in the metabolism of methionine, one of the most expensive amino
acids for de novo synthesis by cells (Old et al., 1991). This model is supported by the
induction of the Met biosynthesis pathway upon inhibition of map! gene in yeast (Dummitt
etal., 2003), implicating a role of MAP in Met recycling. Whether such Met salvage pathway
is essential in bacteria remains to be tested. Secondly, some essential proteins may require

fMet removal to acquire activity (Meinnel et al., 1993), such as N-terminal hydrolases that
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use an N-terminal Ser, Cys, or Thr as the nucleophile. However, there is limited knowledge
of such NME-dependent proteins to date, few of which have been reported in E. coli
(Brannigan et al., 1995; Kim et al., 1996; Larsen et al., 1999; Mouilleron et al., 2006;

Oinonen and Rouvinen, 2000; Park et al., 2008; Yoo et al., 1997).

A different model for the role of fMet is suggested from comparison with a
chemically similar modification in eukaryotes, N-terminal acetylation. Appendage of the
formyl or acetyl group to the N-terminal amine reduces the net charge at the N-terminus and
adds a potential interaction site to nascent proteins. N-terminal acetylation can contribute to
the folding and function of multiple proteins by stabilizing secondary structures at the N-
terminus (Greenfield et al., 1994; Jarvis et al., 1995; Kang et al., 2012), to protein-protein
interactions by preventing the repulsion of the charged N-terminus or establishing additional
contacts (Scott et al., 2011; Singer and Shaw, 2003), and to protein half-life by providing a
‘degron’ for the Ac/N-end rule pathway (Hwang et al., 2010; Varshavsky, 2019). Analogous
roles could be envisioned for the N-terminal formyl group. Indeed, both the formyl group
and the initiator Met have been proposed to control protein half-life via the bacterial fMet/N-
degron pathway and Leu/N-degron pathway, respectively (Ninnis et al., 2009; Piatkov et al.,
2015; Tobias et al., 1991; Varshavsky, 2019), as evidenced by fMet-dependent degradation
of model substrates in E. coli (Piatkov et al., 2015) and by the initiator methionine-dependent
recruitment of the ClpS-CIpAP protease machinery to putrescine aminotransferase (Ninnis

et al., 2009). However, the native substrates of bacterial N-degron pathways are poorly
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characterized (Schmidt et al., 2009). The extent to which fMet impacts the proteome via
regulation of protein stability and/or other aspects of protein biogenesis and function is

unclear.

In this work, we aim to fill the knowledge gap between the biochemical activity and
physiological significance of PDF by studying the impact of its inhibition using system-wide
analyses of the translatome and steady-state proteome. We found that acute disruption of
PDF function induces protein folding defects and membrane stress responses, leading to the
perturbation of cellular bioenergetics and a wide range of metabolic pathways. Importantly,
time-resolved analyses of cellular responses to PDF inhibition revealed the early onset of
membrane hyperpolarization and membrane-associated defects, suggesting the membrane as

an immediate and primary target of fMet-retaining nascent proteins.

4.2. Results

Effect of PDF inhibition on the bacterial proteome.

We reasoned that cells can detect and respond to defects in physiologically important
processes caused by the loss of PDF function. To investigate these cellular responses, we
measured the changes in steady-state bacterial proteome upon PDF inhibition. To rapidly
inactivate PDF, we used the antibiotic actinonin (ACT), which tightly and specifically binds

the PDF active site (Chen et al., 2000; Fieulaine et al., 2011; Van Aller et al., 2005) and leads
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to fMet retention on nascent proteins in vivo (Bienvenut et al., 2015). The E. coli strain
CAG12184, in which the multidrug exporter f0/C was inactivated (Bienvenut et al., 2015;
Singer et al., 1989), was used to facilitate the ACT treatment. Unless otherwise specified,
CAG12184 cells were grown in defined medium with a doubling time of 70-90 min and were
continuously replenished with fresh medium upon entering the mid-log phase to minimize
other sources of stress, such as saturation and nutrient depletion. Upon treatment with 4
pg/mL ACT (16-fold of minimal inhibition concentration (Chen et al., 2000)), cells
continued to grow exponentially for ~2 generations before exhibiting a growth defect, and
growth stopped after ~9 hours (Fig. 4.1A), consistent with the bacteriostatic effect of ACT

and the essentiality of PDF (Chen et al., 2000; Mazel et al., 1994).

To enable quantitative assessment of the proteome, we used Stable isotope labeling
by amino acids in cell culture (SILAC) coupled to Tandem mass tags (TMT), which allows
sensitive and efficient analysis of multiplexed samples by LC-MS/MS (Welle et al., 2016).
Cells grown in the presence of light and heavy amino acids in defined medium were treated
with 4 pg/mL. ACT and mock-treated, respectively. At 0, 1.5, 4.5, and 9 h after ACT
treatment, an equal amount of protein from ACT-treated and control cells were mixed,
protease-digested, and labeled with TMTprol6 reagents, which allowed simultaneous
identification and quantification of samples from the 4 time points in 4 biological replicates
using LC-MS/MS (Fig. 4.1B). In total, we quantified the time-dependent changes in the

abundance ratio of 1932 proteins (Dataset1).
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Figure 4.1. Inhibition of PDF activity leads to time-dependent changes in E. coli
proteome.

(A) Growth curve of CAG12184 cells in SILAC medium in the absence and presence of 4
pg/mL actinonin (ACT). Cell cultures were diluted with fresh medium when they reached
mid log phase (ODsoo = 0.4-0.7). OD number is defined as the product of measured ODgoo
value and the dilution factor. Values are shown as mean + S. D., with n = 3. Error bars are
shown but may not be visible. (B) Overview of the SILAC-TMT procedures for proteomic
analysis of PDF inhibition. Cell lysates from the light (ACT-treated) and heavy (untreated)
culture collected at the indicated times were mixed at 1:1 protein ratio, digested, labeled
with TMT reagents and analyzed by LC-MS/MS. (C) Volcano plots of the fold change (FC)
in protein abundance upon ACT treatment. FC is defined as the light-to-heavy ratio of the
protein level at the indicated time points relative to that at 0 h. Significantly up- and down-
regulated proteins (Jlogo FC| > 0.5 for 1.5 h and |log> FC| >1 for 4.5 h and 9 h, adjusted p <
0.05) are highlighted.
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Figure 4.2. Overview of proteomic changes induced by PDF inhibition.
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(A) Enrichment analysis of differentially expressed proteins upon PDF inhibition. Up- or
down-regulated proteins, as defined in Fig. 4.1C, were subjected to DAVID functional
annotation clustering using annotation terms from GO_BP (labeled as BP), GO_MF (MF),
GO_CC (CC), Uniprot Keywords (UP), Uniprot Sequence Features (SEQ), Kegg Pathway
(KEGG), InterPro (ITP), PIR SuperFamily (PIR) and SMART (SM). Significant clusters
(Enrichment Score (indicated in bold) > 1.3) are shown with the top 3 annotation terms and
their P-values in each cluster. (B) The regulated proteins, as defined in Fig. 4.1C, are
manually mapped to the cellular pathway network. Up- and down-regulated pathways are
colored in red and blue, respectively, with darker and lighter colors indicating responses
observed at 1.5 h and after 4.5 h, respectively. For pathways in which individual proteins
are differently regulated, the individual proteins instead of the entire pathway are color
indicated. The times after ACT treatment at which up- or down-regulation of the individual
proteins were observed are also indicated. Pathways involved in membrane function
(peach), bioenergetics (yellow), and metabolism (green) are color-shaded. See Fig. S4.3
for the list of regulated secretory proteins and Fig. S4.7 for translation-related proteins.

Differential expression analysis demonstrated increasing proteome changes over
time (Fig. 4.1C and Dataset 1). Analysis of the significantly up- or down-regulated proteins
using the DAVID annotation clustering algorithm (Huang et al., 2007, 2009; Jiao et al., 2012)
revealed the enrichment of distinct cellular pathways at different stages after PDF inhibition
(Fig. 4.2A; Dataset 2). At 1.5 h, the iron-sulfur (Fe-S) biogenesis pathway and stress
responses, including the cold shock response and phage shock response pathways, were
enriched in the up-regulated proteins. At 4.5 h, when growth defects begin to manifest in
ACT-treated cells, translation and transcription-related proteins were up-regulated, along
with the down-regulation of secretory proteins. Late responses to ACT treatment observed
at 9 h included the down-regulation of metabolic pathways for thiamine, amino acids, and
glutathione (Fig. 4.2A). In addition, proteins involved in multiple metabolic pathways,

including respiration and nucleotide/lipid biosynthesis, were differentially expressed
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(Dataset 2 and Fig. 4.2B). The regulated proteins were mapped to a manually curated
pathway network, allowing us to assess the spatial, temporal, and biochemical connections

between the different responses (Fig. 4.2B).

Effect of PDF inhibition on the bacterial translatome.

The observed steady-state proteome responses to PDF inhibition could be due to
changes in protein synthesis and/or degradation. To distinguish between these possibilities
and to complement the proteomic analysis, we used ribosome profiling (Ingolia et al., 2012)
to investigate the system-wide perturbation of the translatome, which includes changes at the
transcriptional and translational level. To this end, ribosome-protected mRNA footprints
were isolated from mock-treated cells or cells after 0.25, 0.5, and 1.5 h of ACT treatment and
subjected to deep sequencing. Gene-wise expression level was determined by the sum of
normalized reads (RPM) at each codon across the transcript. From three consistent biological
replicates, we quantified the time-dependent translational profile of 2405 genes (Fig. S4.1A

and Dataset 3).

Differential expression analysis of the translatome data revealed significant changes
in protein synthesis as early as 0.25 h after PDF inhibition, with 37 and 27 genes up- and
down-regulated by more than 2-fold, respectively, and the changes became more pronounced
after 1.5 h (Dataset 3 and Fig. 4.3A). The changes in the translatome correlated well with the

steady-state proteome changes after 1.5 h of ACT treatment, suggesting that the observed
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perturbation in the proteome arises largely from regulations of protein synthesis instead of
degradation (Fig. S4.1B). DAVID clustering analysis on the genes differentially expressed
by more than twofold (p < 0.05) revealed the enrichment in several pathways observed in the
proteomic analysis, including the up-regulation of various membrane proteins and the
translation machinery and the down-regulation of secretory proteins and glutathione
metabolism at 1.5 h (Dataset 4 and Fig. 4.3B). Enrichment of multiple metabolic pathways
was observed in the down-regulated translatome, including the TCA cycle, glycolysis, and
the biosynthesis of nucleobases and amino acids (Dataset 4 and Fig. 4.3B). Notably, an up-
regulation of the heat shock response was observed at 0.25 h of ACT treatment, indicating
an immediate response to PDF inhibition (Dataset 4 and Fig. 4.3B). Compared to the
proteomic data, the ribosome profiling results detected earlier and more prominent changes
in gene expression in diverse cellular pathways (Fig. 4.3C). This may reflect the higher
sensitivity of the ribosome profiling technique and suggests the presence of rapid cellular
adaptive responses to PDF inhibition before changes in steady-state protein abundance are

detected (Figs. 4.5-4.6, S4.3, and S4.6-S4.8 below).
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Figure 4.3. Effect of PDF inhibition on bacterial gene translation.

(A) Volcano plots of the fold change (FC) in translation level upon ACT treatment,
determined by ribosome profiling. The thresholds for up- or down-regulated genes (log2FC
> 1 or < -1, p <0.05) are indicated. (B) Enrichment analysis of differentially translated
proteins upon PDF inhibition. Up- or down-regulated genes were subjected to DAVID
functional annotation clustering. Annotation categories are abbreviated as described in Fig.
4.2B. Significant clusters (Enrichment Score > 1.3) are shown with the top 3 annotation
terms and their P-values in each cluster. (C) The regulated genes, as defined in (A), are
manually mapped to the cellular pathway network. Up- and down-regulated pathways are
colored in red and blue, respectively, with darker or lighter colors indicating responses
observed at 0.25-0.5 h or 1.5 h. For pathways in which individual genes are differently
regulated, the individual genes instead of the entire pathway are color indicated. The times
after ACT treatment at which up- or down-regulation were observed are indicated for each
gene. Pathways involved in protein folding (purple), membrane function (peach),
bioenergetics (yellow), and metabolism (green) are color-shaded. See Fig. S4.3 for the list
of regulated membrane and secretory proteins and Fig. S4.7 for translation-related proteins.

Collectively, both the proteome and translatome analyses reveal extensive ACT-
induced perturbations in diverse cellular pathways, consistent with the ubiquitous action of
PDF across the proteome. Mapping the proteome and translatome perturbations to the
network of biochemical pathways suggest that PDF inhibition led to changes in the
expression of genes involved in several related cellular processes: protein folding, structure
and function of the cellular membrane, bioenergetics at the membrane, and redox-dependent

metabolic pathways (Figs. 4.2B and 4.3C). These changes are described and biochemically

tested in the following sections.

Retention of fMet induces protein misfolding.



126

A Translatome Proteome

0.25h 0.5h 15h 15h 45h 9h
1 1 1 1 1 1

clpB
dnaJ 2
dnaK
groEL
groES
grpE
slO 0
hsIR
hslU
RipG
t -
ibgA 2
rpoH

B Protein aggregates (C Protein aggregates upon PDF inhibition
ACT - + - + 5
MG132 - - + o+

—— L —
o e ’

- =
g

-

% of total **S-labeled protein

; e
Vo - ACT - . _ N
Autoradiography MG132 - - + +

Figure 4.4. PDF inhibition induced protein folding stress.

(A) Time-dependent changes (log2FC) in the translation (left) and steady-state protein level
(right) of heat shock response genes upon PDF inhibition. (B) Representative
autoradiographs of the analysis of nascent protein aggregates. Where indicated, cells were
treated with ACT (4 pg/mL) and/or MGI132 (20 uM) in the presence of ¥S-
methionine/cysteine for 30 min. Detergent-insoluble protein aggregates were isolated and
analyzed by autoradiography. The original gel image including the total and different
fractions of the nascent proteins are shown in Fig. S4.2. (C) Quantification of 3°S-labeled
protein aggregates isolated from cells treated with the indicated compounds. Data were
analyzed by autoradiography and are shown as mean with the values from 3 biological
replicates displayed. **: p <0.01.

One of the earliest stress responses to PDF inhibition is the increased translation of

multiple heat shock response proteins, including the Hsp70 chaperone system
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DNAK/J/GrpE, the Hsp90 chaperone HtpG, the small heat shock protein IbpA, the
chaperonin GroEL-GroES, the disaggregase ClpB, and the proteases HslU/V and Lon (Figs.
4.3B, 4.3C and 4.4A). The synthesis of these chaperones and quality control machineries
increased more than 2-fold after 15 min of ACT treatment, followed by a decline in their
translation and in steady-state protein level over time, strongly suggesting an immediate and
transient protein folding stress upon PDF inhibition. To test this model, we pulse labeled the
proteins synthesized after ACT treatment for 0.5 h using **S-methionine and cysteine and
isolated protein aggregates using adaptations of an established protocol (Friedrich et al.,
2021; Tomoyasu et al., 2001). We observed an ~40% increase in detergent-insoluble protein
aggregates in cells treated with both ACT and MG132, a proteasome and HslU/V inhibitor
(Park et al., 2008; Rohrwild et al., 1996) (Figs. 4.4B, C, and S4.2). Thus, failure to remove
the N-terminal formyl group could disrupt the folding of newly synthesized proteins, which

are subjected to quality control by the HslU/V protease complex.

PDF inhibition causes defects at the bacterial membrane

Genes involved in stress responses associated with the bacterial membrane comprise
a major cluster of ACT-induced changes (Figs. 4.2B and 4.3C, shaded in peach). Up-
regulation of major components in the phage shock (Psp) and cold shock (Csp) response
pathways, including PspA/B/C and CspA/B/G, are among the most pronounced proteome

responses to PDF inhibition (Dataset 1). In addition, the translation of PspA/B/C increased
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by more than 2-fold as early as 0.25 h (Figs. 4.3C and 4.5A). The Psp system is usually
induced upon exposure to membrane stress to protect the integrity of the bacterial inner
membrane, and the induction of cold shock proteins often accompanies a change in
membrane fluidity (Barria et al., 2013; Flores-Kim and Darwin, 2016; Jovanovic et al.). The

upregulation of these stress pathways strongly suggests immediate membrane defects upon

PDF inhibition.
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Figure 4.5. PDF inhibition leads to bacterial membrane defect.

(A) Time-dependent changes (log2FC) in the expression (left) and steady-state protein
(right) level of indicated phage shock genes (top) and genes related to cold response
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(bottom) upon PDF inhibition. (B) SDS susceptibility of cells upon PDF inhibition. After
ACT addition, CAG12184 cells collected at the indicated times were mixed with 0.05%
SDS. The cell density was determined by ODsoo after 10 min and normalized to that before
SDS addition. The data for 3 biological replicates are shown, and the line represents the
mean. (C) The effect of PDF inhibition on the inner membrane integrity of CAG12184
cells. The membrane permeability was measured by the ratio of fluorescence intensity of
propidium iodide (PI) to the membrane permeable dye Syto 9 and normalized to that of the
cells without ACT treatment. The values for 3 biological replicates are shown, and the line
represents the mean.

After the onset of membrane stress responses, at 1.5 h in the translatome and 4.5-9
h in the steady-state proteome, we observed a decrease in the translation and abundance of
multiple secretory proteins and an increase in the translation of membrane proteins, including
components of all the major protein translocation machineries such as SecYEG/DF, YidC,
and Tat (Fig. S4.3), suggesting compromised protein translocation at the bacterial inner
membrane. Multiple proteins involved in cell wall generation and maintenance were also
dysregulated (Figs. 4.2B and 4.3C). Similar to cells deficient in the membrane protein

targeting factor, signal recognition particle (Zhang et al., 2012), cells subjected to prolonged

PDF inhibition exhibited elongated and heterogeneous morphology (Figs. S4.4A-C).

To directly test the effect of PDF inhibition on the bacterial membrane envelope, we
measured the susceptibility of cells to sodium dodecyl sulfate (SDS), which induces lysis
more readily when the cell envelope is compromised (Singh et al., 2021; Zhang et al., 2012).
Cells exhibited increased sensitivity to SDS after 40 min of ACT treatment. This effect was

exacerbated after 120 min of treatment, at which 50% of ACT-treated cells were lysed by
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0.05% SDS within 10 min (Figs. 4.5B and S4.4D-G). In addition, we measured the integrity
of the inner membrane using a fluorescent probe, propidium iodide (PI), which penetrates
permeabilized membrane to bind the DNA (Stocks, 2004; Strauber and Miiller, 2010). We
observed a significant increase in PI fluorescence after 5 h of ACT treatment, indicative of
significant membrane rupture (Fig. 4.5C). Cells grown in rich medium exhibited similar
albeit earlier membrane defects, potentially due to more active protein translation. Under the
same growth condition, the membrane of cells lacking formyltransferase (Afmt (Piatkov et
al., 2015)), which bypasses deformylation, remained intact even after 6 h of ACT treatment
(Fig. S4.4H). These observations rule out off-target effects of ACT and suggest a direct role

of formylated nascent proteins in disrupting bacterial membrane integrity.

PDF inhibition disturbs bioenergetics at the membrane.

In addition to the membrane-associated stress responses, iron-sulfur cluster (Isc)
biosynthesis factors and chaperones (IscU/R/S/X and HscA/B), and the Fe-S cluster carrier
ErpA are enriched in the earliest up-regulated proteome at 1.5 h (Figs. 4.2 and 4.6A).
Increased translation of components of these pathways was observed beginning at 0.5 h
(Figs. 4.3C and 4.6A). In addition, we observed an increase in the translation and steady-
state level of multiple Fe-S cluster-binding enzymes, including several enzymes involved in

tRNA processing (TtcA and MiaB) and the subunit of electron transport chain (ETC)
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complex II (SdhB) (Figs. 4.2B, 4.3C, and 4.6A), consistent with the essential role of the Isc

pathway in the maturation of Fe-S enzymes (Ezraty et al., 2013).
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Figure 4.6. Inhibition of PDF induces membrane hyperpolarization.

(A) Time-dependent changes (log2FC) in the translation (left) and steady-state protein level
(right) of the regulated genes in the Fe-S cluster biogenesis pathway (I), the electron
transfer complexes (II), the acid response pathway (I1I), and the alkaline response pathway
(IV) upon PDF inhibition. (B) Thioflavin T (ThT) fluorescence spectra measured with
CAG12184 cells before (solid black) and after 15 min of treatment with 4 pg/mL ACT
(solid blue), and after an additional 5 min of 5 uM CCCP treatment (open black). The ThT
spectrum without cells is shown in gray. (C) Membrane potential of CAG12184 cells
mock-treated (black) and treated with ACT (blue), measured by the fluorescence intensity
of ThT. The values for 3 replicates are shown, and the line represents the mean.
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The translation of other subunits of ETC complex II (SdhA, SdhC) and the steady
state level of the ETC complex I subunit NuoC were also up-regulated (Figs. 4.2B, 4.3C, and
4.6A), suggesting disturbance in oxidative phosphorylation that couples redox energy to the
generation of proton motive force (PMF). Related to these observations, a significant down-
regulation of acid stress response was detected at 1.5 h of ACT treatment, including
components of the glutamate-dependent acid resistance (AR2) system (GadA/B/C/E/X),
which consumes intracellular protons via decarboxylation of glutamate (Foster, 2004;
Krulwich et al., 2011) (Figs. 4.2B , 4.3C, and 4.6A, cluster III). In contrast, the translation of
NhaA and NhaB, which export Na* in exchange for protons during alkaline stress (Padan et
al., 2005), was up-regulated at 1.5 h (Figs. 4.3C and 4.6A). These observations suggest that
cells respond to PDF inhibition by increasing the proton concentration at the cytosolic side
of the plasma membrane. Several genes involved in the response to reactive oxygen species
(ROS) and the consumption of quinone were also differentially regulated in the translatome
and proteome data (Figs. 4.2B and 4.3C). Together, these observations suggest that PDF

inhibition leads to abnormal bioenergetics at the plasma membrane.

To directly test this hypothesis, we used a Nernstian voltage indicator, thioflavin T
(ThT), to measure the membrane potential (Ayp) component of PMF upon PDF inhibition
(Prindle et al., 2015). Cationic ThT molecules permeate the cell and accumulate on the
cytoplasmic side of the membrane due to the negative membrane potential, giving rise to

increased fluorescence signal (Fig. 4.6B) (Prindle et al., 2015). Treatment with carbonyl
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cyanide m-chlorophenyl hydrazone (CCCP), a protonophore that depolarizes the cell,
abolished the fluorescence (Fig. 4.6B). We observed a drastic increase in ThT fluorescence
upon PDF inhibition, which was detected as early as 15 min after ACT treatment and
continued to rise until 90 min when it reached the maximum detectable value (Fig. 4.6C),
indicating extensive membrane hyperpolarization (Figs. 4.6B and C). In contrast, the
membrane potential of Afmt cells remained invariant (Fig. S4.5A). Independent
measurements with another established membrane potential indicator DiOCx(3), which
exhibited a red shift in emission wavelength (Hudson et al., 2020; Novo et al., 1999),
confirmed the ACT-induced hyperpolarization detected by ThT (Fig. S4.5B). Notably, the
addition of CCCP abolished the ACT-induced ThT signal, excluding other factors that could
enhance ThT fluorescence, such as protein aggregation (Fig. S4.5C). Finally, the additional
presence of a translation inhibitor, chloramphenicol, rescued the ACT-induced membrane
hyperpolarization, suggesting that the observed changes in membrane potential are directly
caused by the retention of the formyl group in newly synthesized proteins (Fig. S4.5D).
Collectively, these observations demonstrate that the accumulation of fMet-retaining nascent
proteins induces rapid membrane hyperpolarization and disruptions of membrane

bioenergetics.

PDF inhibition disrupts metabolism and redox homeostasis.
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Multiple metabolic pathways were also dysregulated following PDF inhibition. At
0.5 h after ACT treatment, we observed reduced translation of genes involved in the de novo
biosynthesis of pyrimidine and purine (Figs. 4.3C and S4.6A). This could be partially
attributed to the inhibition of NME on amidophosphoribosyl transferase (purF), which
requires unmasking of Cys2 to catalyze a committed step in de novo purine synthesis (Kim
et al.,, 1996). Alternatively or in addition, this rapid response could originate from the
depletion of formate following PDF inhibition, as formate and tetrahydrofolate (THF)
derivatives are precursors of purines and pyrimidines (Baxter and Scott, 1984; Moffatt and
Ashihara, 2002; Oizel et al., 2020). Consistent with the essential roles of formate in one-
carbon metabolism (Leonhartsberger et al., 2002), we also observed changes in the
translation of the genes involved in THF conversion, including glyA, metH, folA, folK, and

folE (Figs. 4.3C and S4.6B).

The majority of ribosomal proteins were up-regulated in the translatome after 1.5 h
of ACT treatment, and their steady-state abundances started to accumulate after 4.5 h (Fig.
S4.7A). This response is likely related to the inability of several ribosomal proteins to
undergo N-terminal acetylation (Cumberlidge and Isono, 1979; Jones and O’Connor, 2011;
Tanka et al., 1989; Yoshikawa et al., 1987), which confer interactions to stabilize ribosome
structure and modulate ribosome assembly (Clatterbuck Soper et al., 2013; Gordiyenko et

al., 2008). Accordingly, multiple genes related to translation, ribosome biogenesis, and
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rRNA modification were also up-regulated, potentially as cellular responses to rescue

ribosome assembly and translation activity (Fig. S4.7B).

After 1.5 h of ACT treatment, we began to observe reduced synthesis of genes
involved in energy generation pathways, such as glycolysis and the TCA cycle, and in the
biosynthesis pathways for NADPH, the cellular currency for reducing power (Fig. S4.8A).
Translation of several amino acid biosynthetic pathways, which heavily depend on NADPH
(Ju et al., 2020; Spaans et al., 2015), and the glutathione metabolism pathway, which plays
key roles in maintaining the proper redox state of the cell (Masip et al., 2006), were down-
regulated after 1.5 hr of ACT treatment (Fig. S4.8B). Accordingly, the steady-state level of

multiple proteins in these pathways decreased after 4.5 — 9 h (Fig. S4.8B).

To test the role of PDF in cellular redox homeostasis, we used an established
enzymatic assay to measure the level of the different forms of nicotinamide adenine
dinucleotides, which are critical electron carriers in metabolic reactions (Kern et al., 2014).
We observed an increase in the NAD" level and a depletion of NADH and NADPH after 9
h of ACT treatment, indicating an imbalance in redox homeostasis upon PDF inhibition (Fig.

S4.8C).
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4.3. Discussion

As the earliest covalent modifications encountered by nascent proteins, the pivotal
roles of deformylation and NME are reflected by the loss of cell viability upon the depletion
or inhibition of PDF and MAP. However, why these modifications are essential for bacterial
survival (Mazel et al., 1994) has been a long-standing question. In this work, we combined
unbiased proteome and translatome analyses to investigate the roles of N-terminal protein
modifications in bacterial physiology. Our results revealed different stages of cellular
responses to PDF inhibition (Fig. 4.7A). Within 15-30 min of PDF inactivation (Phase I),
cells exhibited rapid responses to protein misfolding and membrane stresses. Membrane
hyperpolarization was detected at this early stage, along with the differential translation of
proteins in the ETC, which are reflected in changes in their protein levels after 1.5 h. In Phase
II (1.5 h), the defect in membrane potential intensified and was accompanied by significant
remodeling of the membrane proteome, including the increased synthesis of membrane
proteins and reduced expression of secretory proteins. Up-regulation of the Fe-S cluster
biogenesis pathway and the translation machinery also occurs at this stage, along with
reduced translation of proteins involved in multiple metabolic pathways. In Phase III (after
3 h of ACT treatment), cell growth defects are observed. The changes in the translatome
during Phase II manifest in steady-state proteome changes after 4.5 h, followed by

considerable membrane rupture and NAD(P)H depletion. These time-resolved analyses
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provide insights into the direct and indirect roles of PDF in regulating various biological

pathways.

Multiple models could link the biochemical activity of PDF to the physiological
impact of its inhibition. It has been proposed that proper NME is required to unmask the
second residue on N-terminal nucleophile hydrolases and other enzymes (Meinnel et al.,
1993). In addition, the retention of fMet may perturb the folding trajectory of nascent
proteins, as the chemically similar N-terminal acetylation plays pivotal roles in controlling
protein folding, targeting, and complex assembly (Aksnes et al., 2019; Forte et al., 2011;
Friedrich et al., 2021; Kang et al., 2012). Our data here support the role of proper N-terminal
modification in protein biogenesis. PDF inhibition leads to the formation of nascent protein
aggregates and the rapid induction of heat shock responses (Fig. 4.4). The increased
translation of the membrane protein chaperone YidC and other translocation machineries
also suggests defects in membrane protein folding and translocation. Notably, the different
biochemical mechanisms predict distinct kinetics by which PDF inhibition impacts cell
function. If fMet retention inhibits protein function, then defects in function will manifest
only after the turnover of pre-existing proteins that underwent the correct NME.
Alternatively, if defective protein biogenesis due to fMet retention generates toxic species
that disrupt cellular functions, the defects would occur immediately after PDF inhibition.
Both classes of models contribute to the cellular responses observed in our study, as

discussed below.
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Although an estimated 90% of the bacterial proteome is modified by PDF, our time-
resolved analyses suggest that the membrane is the earliest and primary target of PDF
inhibition. This is most strongly evidenced by the pronounced activation of membrane stress
responses and membrane hyperpolarization observed in Phase I, the compromised membrane
integrity, and the differential expression of multiple membrane and secretory proteins. The
ACT-induced membrane defects require protein synthesis and are likely a direct consequence
of fMet-retaining nascent proteins (Figs. S4.4H, 4.6C, S4.5A, and S4.5D). As discussed
above, the rapid onset of membrane-associated defects (<15 min) suggest that they originate
from the toxicity of fMet-retaining nascent proteins that impair the mechanisms involved in
the maintenance of membrane structure and/or function. Misfolded and aggregated proteins
could disrupt membrane structure via aberrant protein-lipid interactions, as documented for
amyloidogenic protein aggregates and aminoglycosides that generate mistranslated proteins
(BUSSE et al., 1992; Davis et al., 1986; Lal et al., 2007; Sciacca et al., 2012, 2021).
Alternatively or in addition, fMet-retaining nascent proteins could interfere with the proper
functioning of membrane proteins. For example, the rapid membrane hyperpolarization is
most easily explained by the ‘poisoning’ of PMF-dissipating machineries such as ATP
synthase, ion transporters, and protein translocation machineries, many of which are up-
regulated after 1.5 h of PDF inhibition. In particular, nascent membrane proteins that retain
fMet may fail to translocate and thus jam or overload the translocation machinery, in analogy

to the effect of N-terminal acetylation in yeast (Forte et al., 2011), leading to extensive
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membrane stress. The down-regulation of secretory proteins and up-regulation of various
protein translocation machineries likely reflect cellular responses to reduce the load on
protein translocation pathways while increasing the capacity of these pathways. Finally, the
down-regulation of potassium channels (Kch, MscL, and MscS) and up-regulation of sodium
transporters (ChaA, NhaA, and NhaB) (Dataset 3) suggest that the maintenance of selective
ion gradients across the membrane is also disrupted. Regardless of the precise mechanism,
the rapid onset of the membrane defects upon PDF inhibition is most consistent with models
in which fMet retention generates toxic species that directly impact the structure and function

of the bacterial plasma membrane.

PDF inhibition also perturbs multiple metabolic pathways in the cytoplasm. Our
observations here are consistent with the results of NME inhibition in archaea and higher
eukaryotes, which was also reported to dysregulate glutathione metabolism and deplete
NADPH (Frottin et al., 2009, 2016). With the exception of the downregulation of the genes
involved in THF, purine and pyrimidine biosynthesis, which is likely due to the role of
formate as a precursor in the biosynthesis of these molecules (Baxter and Scott, 1984; Duthie
etal., 2002; Moffatt and Ashihara, 2002), the dysregulation of translation, redox metabolism,
and NADPH-dependent biosynthesis pathways occurred late and is likely caused by
mechanisms distinct from the early-onset membrane defects. As discussed earlier, fMet
retention could affect ribosome biogenesis by inhibiting the proper post-translational

modifications on ribosomal proteins and impair the activity of metabolic enzymes that rely



140

on both PDF and MAP activity to generate key catalytic residues at the N-terminus. These
effects on newly synthesized proteins manifest over time as the existing pool of proteins are
replaced. However, a limited number of N-terminal nucleophilic hydrolases are known so
far in E. coli, (Fox et al., 2014) including PurF, asparagine synthetase B (AsnB), glutamine-
-fructose-6-phosphate aminotransferase (GImS), and HslV; the small number and the
redundancy of many of these proteins (Humbert and Simoni, 1980) are not sufficient to
explain the extensive re-programming of metabolic pathways we observed. Alternatively or
in addition, as glycolysis and redox metabolism are intimately linked to oxidative
phosphorylation at the membrane, the changes in these metabolic pathways may be a

downstream effect of the dysfunctions of bioenergetics at the membrane.

Our data also help evaluate several previous models for the essentiality of NME. One
model involves the recycling of methionine from a fraction of nascent proteins (Dummitt et
al., 2003; Meinnel et al., 1993). As methionine is supplied in the growth medium and the
genes involved in the methionine biosynthesis pathway are down-regulated upon PDF
inhibition, increased demand for the supply of methionine is unlikely under our experimental
conditions. Another potential role of fMet is to serve as a degradation signal, providing a
quality control pathway for nascent proteins (Kim et al., 2018; Piatkov et al., 2015). Under
our experimental conditions, however, the change in protein abundance upon PDF inhibition

is largely determined by altered protein synthesis instead of degradation. The fMet-mediated
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degradation is thus likely to be conditional and substrate-specific, akin to the Ac/N-degron

pathway in eukaryotes (Hwang et al., 2010; Varshavsky, 2019).

We suggest the following model to explain the physiological impact of incorrect N-
terminal modification in bacteria (Fig. 4.7B). The immediate molecular consequences of
PDF inhibition are the depletion of formate (Step 1a) and accumulation of fMet-retaining
nascent proteins (Step 1b). A temporary decrease in formate level could affect the synthesis
of nucleobases and one-carbon metabolism mediated by THF derivatives. However, we
speculate that this effect is local, as deformylation of nascent proteins only constitutes a
fraction of the formate supply. On the other hand, nascent proteins that escape deformylation
and NME immediately and profoundly impact the integrity and proper functioning of the
membrane. This could occur via rapid replacement of functional proteins (Step 2a) or, more
plausibly, the accumulation of misfolded protein aggregates (Step 2b), which induces protein
folding stress both in the cytosol and at the membrane. Aberrant fMet-retaining proteins
disrupt the structure and function of the membrane (Step 3a), including the dysregulation of
PMF (Step 3b), leading to the activation of membrane stress responses as well as
transcriptional/translational re-programming that adjust the demand for membrane functions,
such as protein translocation and ion transport. Over time, the disruption of bioenergetics at
the membrane and potential accumulation of enzymes inactivated by fMet retention leads to
the down-regulation of proteins involved in redox metabolism/homeostasis and to the

reduction of NADPH-dependent biosynthetic pathways (Step 4). Our work uncovers the
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significance of a ubiquitous N-terminal modification in bacterial protein biogenesis and
emphasizes the role of the inner membrane in translating the NME-linked protein biogenesis
defects to cellular metabolism. Identification of the critical protein players and the
mechanistic link between NME and membrane structure/function remain outstanding goals

for future investigations.
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Figure 4.7. Impact of PDF inhibition on bacterial physiology.

(A) Summary of the time-dependent changes in cell physiology, gene expression and
steady state proteome level induced by PDF inhibition. Up- or down-regulated pathways
in translatome or proteome are colored in red or blue, respectively. With the exception of
chaperone upregulation, which turns ‘off” after Phase I, all the other responses persist for
the remainder of the ACT treatment. Asterisk, pathways related to oxidative
phosphorylation. (B) Model for the cellular impact of PDF inhibition, as described in the
text.

4.4. Materials and Methods

SILAC-TMT

E. coli cell growth and PDF inhibition. E. coli cells from strain CAG12184 (Singer
et al., 1989) were grown at 37 °C in SILAC medium (48 mM Na,HPOj4, 22 mM KH,POy4, 8
mM NaCl, 19 mM NH4Cl, 2 mM MgSOs4, 0.1 mM CaCls, 0.4% glucose, 40 pg/mL each of
Ser, Thr, Val, Phe, Ile, Leu, Tyr, His, Met, Trp, Lys, and Arg) for optimal metabolic labeling
of Lys and Arg isotopes (Ping et al., 2013). For SILAC experiments, two parallel cultures
were grown in the presence of light or heavy Lys (1*Ce, "N»-L-lysine, Sigma) and Arg (**Ce,
I5N4-L-arginine, Cambridge Isotope Lab) for >30 generations to allow >95% incorporation
of the isotope labels. At ODgoo = 0.4, 4 pg/mL ACT (Enzo) was added to the light culture.
Cells were continuously diluted with fresh medium with or without ACT whenever the ODsoo
reached 0.6-0.8. At indicated time points, cells were harvested by centrifugation and flash-

frozen in liquid nitrogen.
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MS sample preparation. All of the buffers were made using LC/MS Grade water
(Fisher). Cells were resuspended with MS buffer (50 mM Hepes-NaOH, pH 8.5) containing
10 M urea and 1X Halt protease inhibitor (Thermo Scientific), sonicated briefly, and
centrifuged (16,600 % g, 5 min) at room temperature to remove cell debris. The lysate was
diluted to reduce the urea concentration to 8 M, and the protein concentration was determined
by Bradford assay (Bio-rad). An equal amount of total proteins from heavy and light isotope-
labeled cells were mixed, reduced by 10 mM TCEP (20 min incubation at room temperature),
and alkylated by 27 mM 2-chloroacetamide (15 min incubation in dark at room temperature).
Lys-C (Wako Chemicals) was added to the sample at an enzyme-to-protein ratio of 1:200,
and incubated at 37 °C for 4 h. The sample was further diluted with MS buffer to reduce the
urea concentration to 2 M, and incubated overnight with trypsin (Thermo Fisher Scientific)
at an enzyme-to-protein ratio of 1:100. The digested peptides were then acidified with 0.5%
trifluoroacetic acid (TFA), and desalted with C18 Spin Columns (Thermo Fisher Scientific).
For SILAC-TMT experiment, desalted peptides were further labeled with TMTpro 16plex
reagents (Thermo Fisher Scientific). An equal amount of peptides with different TMT labels
were pooled, desalted, and separated into 8 fractions using High pH Reversed-Phase Peptide

Fractionation Kit (Thermo Fisher Scientific).

LC-MS analysis of TMT-SILAC samples. LC-MS analysis was carried out on an
EASY-nLC 1200 (Thermo Fisher Scientific) coupled to an Orbitrap Eclipse mass

spectrometer (Thermo Fisher Scientific) equipped with a Nanospray Flex ion source.
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Peptides (500ng per fraction) were directly loaded onto an Aurora 25¢cm x 75um ID, 1.6pum
C18 column (Ion Opticks, Victoria, Australia) heated to 50°C. The peptides were separated
with a 120 min gradient at a flow rate of 350 nL/min as follows: 2—6% Solvent B (7.5 min),
6-25% B (82.5 min), 25-40% B (30 min), 40-98% B (1 min), and held at 98% B (15 min).
Solvent A consisted 0f 97.8 % H>0, 2% ACN, and 0.2% formic acid and solvent B consisted
0f 19.8% H20, 80 % ACN, and 0.2% formic acid. MS1 spectra were acquired in the Orbitrap
at 120K resolution with a scan range from 350-1800 m/z, an AGC target of 1¢%, and a
maximum injection time of 50 ms in Profile mode. Features were filtered for monoisotopic
peaks with a charge state of 2-7 and minimum intensity of 2.5¢*, with dynamic exclusion set
to exclude features after 1 time for 30 seconds with a 5-ppm mass tolerance. A targeted mass
difference selection node was also used to monitor for SILAC pairs with a delta mass of
8.0142 Da (Lysine-8) or 10.008 Da (Arginine-10) and trigger both precursors of the SILAC
pair for MS2 analysis. HCD fragmentation was performed with fixed collision energy of
32% after quadrupole isolation of features using an isolation window of 0.5 m/z, an AGC
target of 5e*, and a maximum injection time of 86 ms. MS2 scans were then acquired in the
Orbitrap at 50K resolution in Centroid mode with the first mass fixed at 110. Cycle time was

set at 3 seconds.

LCMS Data Reduction for TMT-SILAC. Analysis of LCMS proteomic data was
performed in Proteome Discoverer 2.5 (Thermo Scientific) (Orsburn, 2021) utilizing a

dynamic modification strategy to account for the TMT/SILAC mixed labeling, with the
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peptide results ported to R (R Core Team, 2018) for final analysis. All searches were
conducted using the Sequest HT (Tabb, 2015) search algorithm with the Escherichia coli
proteome (UniProt UP000000625; strain K12 / MG1655 / ATCC 47076; 4,438 proteins
covering 440 genes with a BUSCO assessment of 100% genetic coverage). Search
parameters were as follows: fully tryptic protease rules with 2 allowed missed cleavages,
precursor mass tolerance set to 20 ppm, fragment mass tolerance set to 0.5 Da with only b
and y ions accounted for. Percolator (Kill et al., 2007) was used as the validation method,
based on g-value, with a maximum FDR set to 0.01. The SequestHT search considered
modifications dynamic for Loss of Protein N-term Methionine, Formylation (N-term),
Oxidation (M), Carbamidomethyl (C), TMTpro (K, N-term, +304.207 Da), TMTpro-
SILAC-KS8 (K, +312.221 Da) and SILAC-R10 (R, +10.008 Da). Quantitative analysis is
based on TMT MS2 reporter ions generated from HCD fragmentation, with an average

reporter S/N threshold of 10.

Peptide data was divided into /ight-only (not containing a SILAC modification) and
heavy-only (containing a SILAC modification) with normalization accomplished using the
R::limma package (Ritchie et al., 2015). Peptides from the two datasets where then merged
such that all peptides from the /ight-only dataset had a corresponding heavy-only peptide, for
a total of 32 TMT (16 light-only, 16 heavy-only) quantitative measurements per peptide.
Protein values were calculated as the sum of each TMT channel for all corresponding

peptides, with foldchange (FC) values computed as all pairwise combinations between time
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points (¢£1.5h/t0h, t4.5h/tOh, t9h/fOh), within the light and heavy data sets independently, for

a total of 16 FC values per comparison. FC values were additionally log2 transformed.

Statistical analysis and enrichment analysis. Statistical analyses were performed in
R, comparing the light-only (treated) FC values to the heavy-only (untreated) FC values using
a two-sample t-test. Significance was determined at an adjusted p-value of 0.05 (Benjamini
and Hochberg, 1995), and a threshold of [logoFC| > 0.5 for 1.5 h, |logoFC| > 1 for4.5and 9 h

samples.

Enrichment analysis was performed on differentially expressed genes at each time
point using the Functional annotation clustering algorithm from DAVID Bioinformatics
Resources 6.8 (Jiao et al., 2012). The analysis was performed with medium classification
stringency and included the following annotation categories: Gene Ontology (GO) terms
(biological process, molecular function, cellular compartment), Uniprot Keywords and
Sequence features, KEGG pathway, and protein domains (InterPro, SMART, and PIR

SuperFamily).

Ribosome profiling

Cell culture and ribosome footprint preparation. For ribosome profiling, two parallel
experiments (Replicate 1 and 2) and a third independent measurement (Replicate 3) were

carried out for a total of 3 biological replicates. E. coli CAG12184 cells were grown in
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SILAC medium at 37 °C and treated with 4 pg/mL ACT when ODegoo reached 0.4. At
indicated time points, 200 mL of cell culture were harvested by rapid filtration through
nitrocellulose membrane with 0.2 mm pores and flash-frozen in liquid nitrogen. Frozen cells
were mixed with 0.5 mL of Lysis buffer (50 mM Hepes-KOH, 100 mM NaCl, 10 mM MgCl,
5 mM CaCly, 0.4% Triton X-100, 0.1% NP-40, 1 mM chloramphenicol, 1 mM PMSF, 50
U/mL DNasel (recombinant DNasel, Roche), pH 7.0) and lysed via mixer milling (1 min,
25 Hz, Retsch). Frozen lysate powder was thawed and centrifuged (3,000 x g, 6 min, 4 °C)

to remove unbroken cells. Lysate containing 0.5 mg total RNA was supplemented with 100

U/mL SUPERase * In (Ambion), and treated with 1875 U of MNase for 15 min in a

thermomixer (1,400 rpm, 25 °C) before quenching with 6 mM EGTA. Monosomes were then
loaded on a 30% sucrose cushion in Wash buffer (50 mM Tris/HCI1, 150 mM NaCl, 10 mM
MgClz, 1 mM chloramphenicol, 0.4% Triton X-100, 0.1% NP-40, pH 7.4) containing 1X
protease inhibitor cocktail (Complete EDTA-free, Roche), and centrifuged in TLA100.3
rotor at 80,000 rpm for 1.5 h at 4 °C. Pellets were then washed and resuspended in Wash
buffer. RNA from the purified monosomes were extracted using Direct-zol RNA miniprep
kit (Zymo) and loaded onto a 15% polyacrylamide TBE-Urea gel. The 15-45 nt region on
the gel was excised, and ribosome protected mRNA footprints were recovered from the gel

pieces.
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Library preparation. Libraries are prepared as described (Mohammad and Buskirk,
2019) with modifications. Briefly, mRNA footprints were dephosphorylated by T4
polynucleotide kinase (NEB), and ligated to pre-adenylated linkers (Linker-1, Linker-2, and
Linker-3 for replicate 1, replicate 2, and replicate 3, respectively) using T4 RNA ligase 2.
Ligated products were purified with Oligo and Concentration Kit (Zymo), and samples from
replicate 1 and 2 were pooled. Products were separated from excess linkers on a 15%
polyacrylamide TBE-Urea gel, and recovered from the gel pieces. Reverse transcription was
subsequently carried out using Superscript III RT (Invitrogen) and RT primer, followed by
alkaline hydrolysis of the RNA fragments. Reverse-transcribed DNA products were further
purified on a 10% polyacrylamide TBE-Urea gel to remove excess RT primers, and
circularized using CircLigase (Epicentre). Circularized DNA was amplified via 5-8 cycles
of PCR reaction using Phusion polymerase (NEB), PCR Forward primer, and barcoded PCR
Reverse primer, and purified on a 8% polyacrylamide native TBE gel. The DNA products

were then quantified by Qubit and sequenced on Nextseq 2000.

Sequencing data analysis. Pair-end reads were merged using PEAR (Zhang et al.,
2014). Adaptor sequences were trimmed from sequencing reads using Cutadapt. Reads were
mapped to bacterial genome using Bowtie after discarding the reads mapping to ribosomal
RNAs. The E.coli MG1655 reference genome assembly (ASM584v2) was downloaded from
EnsemblBacteria (https://bacteria.ensembl.org). Ribosome density was assigned to 14-nt

upstream of the 3’-end of reads using reads with size range 1545 nt. Nucleotide reads at
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each codon were then summed based on the gene annotations taken from Uniprot
(The UniProt Consortium, 2017). For each gene, the sum of raw reads and RPM-normalized
reads at each codon, excluding the first five and last five codons, were calculated. In each
replicate, genes with > 64 raw reads in the control sample and > 64 raw reads in at least one
of the 3 time points were considered. The fold change (FC) was calculated as the ratio of the
RPM value of ACT-treated samples to that of the control (~ACT) sample. Genes with at least
2 valid log> FC values from 3 replicates were included in subsequent analyses. Statistical
analyses were performed using the two-sample t-test embedded in the Perseus software
(version 1.6.14.0)(Tyanova et al., 2016). Significance was determined with thresholds of
llog2FC| > 1 and p < 0.05. Enrichment analysis was performed on differentially expressed
genes at each time point using the Functional annotation clustering algorithm from DAVID

Bioinformatics Resources 6.8(Jiao et al., 2012), as described for the proteomic analysis.

Isolation of nascent protein aggregates. E. coli

CAG12184 cells grown in SILAC medium at 37 °C until ODgoo reached 0.4.
Subsequently, the cells were labeled with 10 puCi/mL 3°S-Met/Cys EasyTag mix
(PerkinElmer) and, where indicated, treated with 4 ng/mL ACT and 20 uM MG132 (Thermo
Scientific) for 30 min. Before harvesting, 0.5 mg/mL Met and Cys was added to the culture.
Cells from 5 mL of culture were pelleted, resuspended in 250 pL Lysis buffer B (100 mM

Hepes-KOH, 0.25 M sucrose, 0.5 mM EDTA, 50 pug/mL lysozyme, 1 mM PMSF, 1X



151

protease inhibitor cocktail, 20 uM MG132, pH 7.0), and lysed by tip sonication (Branson,
20x at level 5 and 50% duty cycle). Lysates were centrifuged at 2,000 x g and 4 °C for 5 min
to remove unbroken cells. Clarified lysates were centrifuged at 15,000 x g and 4 °C for 30
min to separate the membrane fraction and aggregates from cytoplasm. The pellets were
further resuspended in 200 pL. Wash buffer B (100 mM Hepes-KOH, 1 mM PMSF, 1X
protease inhibitor cocktail, pH 7.0) with brief sonication. To isolate large protein aggregates,
2% NP-40 was added, and the resuspended pellets were centrifuged again at 15,000 x g, 4
°C for 30 min. NP-40 insoluble protein aggregates were then resuspended in 50 pL Wash
buffer B with 1% SDS. All fractions were then analyzed by SDS-PAGE and quantified by

autoradiography.

Bright field microscopy.

CAG12184 cells grown in SILAC medium were treated with 4 ug/mL ACT,
collected at indicated time points, washed, and resuspended with PBS to an OD of 1. 2 pL
of the cell suspension was spotted onto an agarose (1%)-coated glass slide, and covered with
a glass coverslip. Bright field microscopy images were obtained with Revolve Microscope

(Echo) with a 100x oil immersion objective.

SDS sensitivity assay
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CAG12184 cells grown in SILAC medium to an ODgoo of 0.4 were mock-treated
treated with 4 pg/mL ACT. At indicated time points, an aliquot of cells was pelleted,
resuspended with SILAC medium to an ODgoo of 1, and mixed with equal volume of 0.1%
SDS. Cell lysis was monitored on a plate reader continuously for 20 min by the change in
ODsoo value relative to that of the cells without SDS incubation. For Fig. 4.5B, the fraction

of remaining cells at 10 min of SDS incubation was recorded.

PI permeability assay

Where indicated, CAG12184 or Afint(Piatkov et al., 2015) cells grown in SILAC
medium or Luria-Bertani Broth (LB) were treated with 4 pg/mL ACT at an ODgoo of 0.4. At
indicated time points, an aliquot of cells were withdrawn, washed, and resuspended in PI
buffer (50 mM Hepes-KOH, 5 mM glucose, pH 7.0) to an OD of 0.5. Resuspended cells
were incubated with 5 uM PI for 30 min, and the fluorescence signals were recorded using a
plate reader with the excitation wavelength at 535 nm. Independent cell resuspensions were
incubated with 2.5 uM Syto9, and the fluorescence signals were measured with the excitation
wavelength at 440 nm. The fluorescence intensity of PI at 620 nm was then normalized to

that of Syto9 at 505 nm.

Membrane polarization assays
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CAG12184 grown in SILAC medium or Afnt cells grown in LB were treated with 4
pg/mL ACT at an ODeoo of 0.4. Where indicated, cells were treated with 5 uM CCCP for 5
min before collection. At indicated time points after ACT treatment, cells were withdrawn,
washed with PBS, and normalized to an ODsoo of 0.5. Resuspended cells were incubated
with 10 uM ThT at room temperature for 5 min, and the fluorescence signals were recorded

using a plate reader at the excitation wavelength of 450 nm.

For measurements using DiOC»(3), cells were collected, resuspended to an ODgoo of
1 with PBS, and treated with 10 mM EDTA for 5 min. The cell suspension was then washed
and resuspended in MP buffer (130 mM NaCl, 60 mM Na;HPO4, 60 mM NaH>PO4, 10 mM
glucose, 5 mM KCl, 0.5 mM MgCl, pH 7.0). The cell suspension was loaded with 30 uM
DiOC2(3) and incubated at room temperature for 15 min, followed by fluorescence

measurement with an excitation wavelength of 450 nm.

Measurement of NAD(P)* and NAD(P)H

The cellular concentrations of NAD(P)* and NAD(P)H were measured as
described(Kern et al., 2014). Briefly, CAG12184 cells grown in SILAC medium were treated
with 4 pg/mL ACT for 9 h. Cell aliquots were withdrawn, pelleted, and incubated at 50 °C
for 10 min in 0.2 M NaOH for NAD(P)" or 0.2 M HCI for NAD(P)H extraction. The lysate
was then neutralized and clarified by centrifugation at 16,000 x g, 4 °C for 5 min. For NAD*

and NADH measurements, 5 pL of the lysate was incubated at 30 °C for 10 min with 90 pL
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of the reagent mix containing 110 mM bicine buffer (pH 8.0), 11% (v/v) ethanol, 4.4 mM
EDTA, 0.47 mM MTT (methylthiazolyldiphenyl-tetrazolium bromide), and 3.7 mM PES
(phenazine ethosulfate). 5 uL of 1 mg/mL Alcohol dehydrogenase II (ADH II, Sigma) was
added to initiate the reaction, and the absorbance at 570 nm was monitored for 20 min at 30
°C in a plate reader. NADP' and NADPH measurements were carried out similarly, except
that ethanol in the reagent mix was replaced with 2.8 mM glucose-6-phosphate, and 5 pL of
0.1 mg/mL Glucose-6-phosphate dehydrogenase (Sigma) was used to initiate the reaction.
The velocities of the reactions were normalized by cell density, and the relative amount of
NAD(P)(H) was reported as the ratio of the normalized values between ACT-treated and

untreated samples.
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Figure S4.1. Ribosome profiling of cells under PDF inhibition.

Log,FC, Translatome 1.5 h

(A) Scatter plots depicting the correlation of the ribosome profiling data between three
biological replicates. Pearson correlation coefficients (r) computed from the normalized
read values (reads per million, RPM) of genes present in both datasets being compared
were shown. (B) Scatter plots depicting the correlation between the changes in translation
at 1.5 h and steady-state protein levels at the indicated time of ACT treatment.
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Figure S4.2. Nascent protein aggregates upon PDF inhibition.
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Representative autoradiographs of cellular fractions from CAG12184 cells treated with
ACT and/or MG132, related to Figs. 4.4B and C. T: total cell lysate; C: cytoplasm; M:

membrane; aggr.: NP40-insoluble protein aggregates.
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Figure S4.3. Differential expression of membrane and secretory proteins.

Time-dependent changes of secretory proteins (log> FC < -1) (A) and membrane proteins
(logz FC > 1) (B) after ACT treatment in the ribosome profiling (left) or proteomic (right)
data.
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Figure S4.4. Membrane-associated phenotypes upon PDF inhibition.

(A) and (B) Representative bright-field microscopy images of CAG12184 cells before (A)
and after (B) 7 h of ACT treatment. Scale bars: 10 um. (C) Quantification of the cell length
from the microscopy images during PDF inhibition. Data are shown as median +
interquartile with individual values displayed. The number of cells quantified in each time
point are shown in parentheses. (D)-(G) Time-dependent profiles of cell lysis by SDS.
CAG12184 cells without (black) or with (blue) ACT treatment for the indicated times were
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mixed with 0.05% SDS, and the cell density was monitored by ODsoo for 20 min. Data are
shown as individual values from 3 biological replicates. (H) Inner membrane integrity of
CAG12184 (black) and Afmt (gray) cells grown in Luria-Bertani medium (LB) upon ACT
treatment, measured by the fluorescence ratio between PI and Syto 9 and normalized to the
value of untreated cells. Data are shown as individual values from three biological
replicates, where the line represents the mean.
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Figure S4.5. Membrane polarization upon PDF inhibition.

(A) Membrane potential of Afmnt cells grown in LB without (black) and with (blue) ACT
treatment, measured by the fluorescence signal of ThT at 485 nm. Data are shown as
individual values from three replicates, where the line represents the mean. (B) DiOC»(3)
fluorescence spectra measured with CAG12184 cells before (solid black) and after 2 h of
4 ng/mL ACT treatment (solid blue), and after 5 min of 5 uM CCCP treatment (open black).
The spectrum of DiOC»(3) without cells is shown in gray. (C) ThT fluorescence spectra of
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CAG12184 cells after 60 min of 4 pg/mL ACT treatment (solid blue), followed by the
treatment with 5 pM CCCP for 5 min (open blue). (D) ThT fluorescence spectra with
CAGI12184 cells treated with the indicated combination of ACT (4 pg/mL) and
chloramphenicol (CAM, 25 pg/mL) for 30 min.
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Figure S4.6. Inhibition of PDF perturbs nucleotide biosynthesis.

(A) Time-dependent changes (log2FC) in the translation (left) and steady-state protein level
(right) of genes involved in de novo purine and pyrimidine biosynthesis. (B) Time-
dependent changes (log2FC) in the translation of selected genes involved in
tetrahydrofolate (THF) conversion.
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Figure S4.7. Inhibition of PDF induces the expression of translation machineries.

(A) Time-dependent changes of ribosomal proteins (logz FC > 1) after ACT treatment in
the ribosome profiling (left) or proteomic (right) data. (B) Time-dependent changes
(log2FC > 1) of genes involved in translation (I), rRNA modification (II), and ribosome
biogenesis (III).
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Figure S4.8. Inhibition of PDF disrupts cellular metabolism and redox homeostasis.

(A) Time-dependent changes (log>FC < -1) in the translation (left) or steady-state protein
level (right) of genes involved in glycolysis (I), TCA cycle (II) and NADPH biogenesis
pathways (III). (B) Time-dependent changes (log2FC <-1) of genes involved in glutathione
metabolism (VI) and biosynthesis pathways of amino acids (V). (C) Cellular level of the
indicated cofactors in CAG12184 cells after 9 h of ACT treatment, normalized to that of
the cells grown without ACT. Data are shown as mean with individual values from 3
biological replicates. *: p < 0.05; **: p <0.01; n. s.: p>0.05.
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Appendix

SUPPLEMENTARY INFORMATION FOR CHAPTER 4

Note: Datasets are attached as individual .xIsx files.

Dataset 1. List of quantified and differentially expressed proteins in the proteomic
experiment.

The log2(FC) values of quantified proteins at each time point relative to 0 h are reported.
P-values, adjusted p-values and significance of differentially expressed proteins were
calculated as described in Methods, with thresholds of |log2FC| > 0.5 at 1.5 h and |log2FC]
> 1 at 4.5/9 h (adjusted p < 0.05). Functional annotations and other gene-specific
information were extracted from Uniprot.

Dataset 2. DAVID analysis of the differentially expressed proteins upon PDF
inhibition in the proteomic experiment.

Outputs of the DAVID functional annotation clustering on the up- or down-regulated
proteins at 1.5, 4.5, or 9h after PDF inhibition. The P-value for individual term was
computed using a modified Fisher's exact test, and the terms were clustered based on their
similarity. Clusters with enrichment scores > 1.3 are considered significant and shaded in
green.

Dataset 3. List of quantified and differentially expressed genes in the ribosome
profiling experiment.

The log2(FC) values of quantified genes at each time point of ACT treatment relative to
those in the —~ACT sample are reported. P-values and significance for differential expressed
genes were determined as described in Methods, with thresholds of [log2FC| >1 and p <
0.05. Functional annotations and other gene-specific information were extracted from
Uniprot.
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Dataset 4. DAVID analysis of the differentially expressed proteins upon PDF
inhibition in the ribosome profiling experiment.

Outputs of the DAVID functional annotation clustering on the up- or down-regulated
proteins at 0.25, 0.5 or 1.5 h after PDF inhibition. The P-value for individual term was
computed using a modified Fisher's exact test, and the terms were clustered based on their
similarity. Clusters with enrichment scores > 1.3 are considered significant and shaded in
green.





